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ABSTRACT 

Ticks and tick-borne diseases are an increasing public health concern in Finland and 
other Nordic countries, as cases of Lyme borreliosis (LB) and tick-borne encephalitis 
(TBE) continue to rise. A decade ago, tick research in Finland was still scarce, and 
the last nationwide study on tick distribution had been published in 1961. 

The aim of this doctoral research was to update the distribution ranges of the 
medically important Ixodes ticks in Finland, compare the pathogen prevalence of I. 
ricinus and I. persulcatus, and examine changes in the prevalence of Borrelia 
burgdorferi sensu lato (Bbsl) antibodies in the Finnish population over a 50-year 
period. 

By using a national citizen collection, the distribution of I. ricinus was updated, 
and for the first time, a comprehensive mapping of I. persulcatus occurrence in 
Finland was conducted. The results suggested a northward shift in tick distribution. 
Ixodes ricinus was the dominant species in southern coastal regions, while I. 
persulcatus proved to be more common than previously assumed, even appearing to 
dominate in certain areas, especially in north-western coast. Pathogen prevalence 
and diversity were higher in I. ricinus, yet I. persulcatus had a higher prevalence of 
Bbsl bacteria and TBE virus, the causative agents of the two most important tick-
borne diseases. The highest pathogen prevalence overall was observed in ticks from 
southern Finland. In addition, this research detected rare and potentially harmful 
pathogens not previously reported in Finnish ticks. Antibody measurements from 
four cross-sectional surveys of the Finnish population collected between 1966 and 
2017 showed a significant decrease in Bbsl seroprevalence over a 50-year period. 
Possible explanations include improved diagnostics, effective and prompt antibiotic 
treatment, increased public awareness, and societal and economic changes. 

The results of this thesis provide new information about the two medically 
important tick species occurring in Finland, the pathogens they carry, and changes 
in Bbsl exposure in the population. Moreover, it highlights the importance of 
continuous surveillance and public awareness in managing the risks of tick-borne 
diseases. 

KEYWORDS: ticks, I. ricinus, I. persulcatus, Borrelia, distribution, tick-borne 
pathogens, crowdsourcing, seroprevalence, Finland  
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TIIVISTELMÄ 

Puutiaiset ja niiden levittämät taudit ovat kasvava kansanterveydellinen huolenaihe 
Suomessa ja muualla pohjoismaissa, mikä näkyy Lymen borrelioosin (LB) ja 
puutiaisaivotulehduksen (TBE) tapausmäärien lisääntymisenä. Vielä vuosikymmen 
sitten puutiaistutkimus oli vähäistä Suomessa ja viimeinen puutiaisten levinneisyyttä 
koskeva tutkimus oli julkaistu vuonna 1961.  

Väitöskirjatyön tavoitteena oli päivittää ihmisille terveydellisesti merkittävien 
Ixodes-puutiaisten levinneisyysalueet Suomessa, vertailla puutiaisen (I. ricinus) ja 
siperianpuutiaisen (I. persulcatus) patogeenimääriä sekä tutkia Borrelia burgdorferi 
sensu lato (Bbsl) -bakteerin vasta-aineiden esiintyvyydessä tapahtuneita muutoksia 
suomalaisessa väestössä 50 vuoden aikana.  

Valtakunnallisen kansalaiskeräyksen avulla I. ricinus -puutiaisen levinneisyys 
päivitettiin, ja ensimmäistä kertaa saatiin kattava kartoitus I. persulcatus -puutiaisen 
esiintymisestä Suomessa. Tulokset viittasivat puutiaisten levinneisyysalueen 
siirtyneen pohjoisemmaksi. Ixodes ricinus oli valtalajina eteläisillä rannikkoalueilla, 
kun taas I. persulcatus oli odotettua yleisempi ja paikoin jopa vallitseva laji tietyillä 
alueilla, erityisesti luoteisrannikolla. Patogeenien esiintyvyys ja monimuotoisuus 
olivat suuremmat I. ricinus -puutiaisilla, mutta I. persulcatus -puutiaisilla havaittiin 
korkeampi esiintyvyys kahden tärkeimmän puutiaistaudinaiheuttajan, Bbsl-
bakteerin ja TBE-viruksen osalta. Korkein patogeeniprevalenssi oli eteläisen 
Suomen puutiaisilla. Lisäksi tutkimus havaitsi harvinaisia ja ihmiselle mahdollisesti 
haitallisia patogeeneja, joita ei oltu aiemmin raportoitu suomalaisista puutiaisista. 
Vasta-aineiden määritys neljästä vuosien 1966–2017 aikana kerätystä poikki-
leikkausotoksesta suomalaisesta väestöstä osoitti, että Bbsl seroprevalenssi on 
laskenut merkittävästi väestössä 50 vuoden aikana. Mahdollisia selityksiä ovat 
diagnostiikan kehittyminen, tehokas ja varhainen antibioottihoito, lisääntynyt 
tietoisuus sekä yhteiskunnalliset muutokset.  

Väitöskirjan tulokset toivat uutta tietoa kahdesta Suomessa esiintyvästä ihmisen 
kannalta merkittävästä puutiaislajista, niiden kantamista taudinaiheuttajista sekä 
muutoksista väestön Bbsl-altistuksessa. Tutkimus korostaa jatkuvan seurannan ja 
kansalaistietoisuuden merkitystä puutiaislevitteisten tautien hallinnassa. 

ASIASANAT: puutiaiset, I. ricinus, I. persulcatus, Borrelia, levinneisyys, puutiais-
välitteiset patogeenit, kansalaiskeräys, seroprevalenssi, Suomi  
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1 Introduction 

Zoonoses are infectious diseases that are naturally transmissible between animals 
and humans. Arthropod vectors are responsible for transmitting many of these 
zoonotic pathogens to humans during blood feeding. Together with mosquitos, ticks 
(Acari: Ixodida) are the most important arthropod vectors of zoonoses worldwide, 
affecting health of both humans and our companion animals. Ticks are vectors for 
several severe zoonotic infections, caused by various bacterial, parasitic, and viral 
pathogens (Jongejan and Uilenberg 2004; Madison-Antenucci et al. 2020). Ticks can 
also carry several pathogens simultaneously, and co-infections in the host may lead 
to unpredictable clinical outcomes and increased disease severity (Diuk-Wasser et 
al. 2016; Swanson et al. 2006). 

Surveys conducted in Northern Europe have revealed a northward shift in tick 
distribution and an increase in tick abundance over the past few decades (Jaenson, 
Jaenson, et al. 2012; Lindgren et al. 2000). At the same time, the incidence of tick-
borne diseases is rising and the number of identified pathogenic microbes transmitted 
by ticks has increased (Gray et al. 2009; Madison-Antenucci et al. 2020). The most 
important tick-borne pathogens affecting on public health in Northern Europe and 
Finland are Borrelia burgdorferi sensu lato (Bbsl) bacteria causing Lyme borreliosis 
(LB) and tick-borne encephalitis virus (TBEV) causing tick-borne encephalitis 
(TBE). In Finland, tick-borne pathogens are transmitted to humans via two hard ticks 
(Acari: Ixodidae): the castor bean tick Ixodes ricinus (Linnaeus 1758) and the taiga 
tick Ixodes persulcatus (Schulze 1930). One of the northernmost tick populations in 
Europe and the overlapping distributional area of these two human-infesting tick 
species (I. ricinus and I. persulcatus) both locate in Finland. The last nationwide 
mapping of the geographical distribution of I. ricinus in Finland is six decades old 
(Öhman 1961) and the distribution of I. persulcatus was never studied in Finland 
before.  
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1.1 Hard ticks (Acari: Ixodidae) 
Ticks are blood-feeding arachnids of the order Ixodida. The order Ixodida is divided 
into two major families: hard ticks (Ixodidae) and soft ticks (Argasidae). The third 
family, Nuttalliellidae, comprises of only one species. Hard ticks are differentiated 
from soft ticks by the hardened plate on the dorsal side of the body called a scutum, 
as well as their prominent mouthparts called a capitulum (consisting of hypostome 
and palps) (Hillyard 1996). Ixodidae is the largest family in the order, consisting of 
over 700 species among 14 genera, with Ixodes being the largest genus, containing 
roughly 250 species (Guglielmone et al. 2020). 

Six Ixodes tick species that are considered endemic to Finland have been 
identified: I. ricinus, I. persulcatus, I. trianguliceps, I. lividus, I. arboricola and 
I. uriae (Jääskeläinen et al. 2006; Laakkonen et al. 2009; Sormunen, Klemola, and 
Vesterinen 2022; Ulmanen 1972; Ulmanen et al. 1977). The latter four of these ticks 
are nidicolous (endophilic) species, which means they are usually encountered only 
inside their hosts’ nest feeding on them, thus being more host specific. Only two of 
these species are significant concerning human health: Ixodes ricinus and 
I. persulcatus. These two are non-nidicolous (exophilic) species, which means they 
are actively seeking hosts when weather conditions are suitable (Hillyard PD 1996). 
Moreover, they are opportunistic generalists, feeding on almost any terrestrial 
vertebrate, that indicates its suitability to act as a host (Estrada-Peña, Guglielmone, 
and Nava 2023; Kahl and Gray 2023). Therefore, I. ricinus and I. persulcatus will 
feed on humans as well, if the opportunity arises, potentially transmitting multiple 
pathogens in the process.  

1.2 Study species – Ixodes ricinus and Ixodes 
persulcatus 

1.2.1 General morphology and identification 
Ticks have four life stages: egg, larval stage, nymphal stage and adult stage. Larvae 
are typically less than 1 mm in length, nymphs range approximately between 1-2 
mm, and unfed adults are between 2 and 4 mm in length. However, adult females 
may reach a length of over 10 mm and 100-fold increase in total volume, when 
engorged (Starck et al. 2018). As typical arachnids, nymphs and adults have four 
pairs of legs. Larvae have only three pairs, but the fourth leg pair appears when they 
moult to nymphs. The scutum extends over the whole body in male ticks, whereas 
in females and immature stages, it only covers the anterior part. When feeding, the 
body, called the idiosoma, becomes engorged allowing the tick to take a large blood 
meal. However, on adult males, the scutum limits their feeding ability, and while 
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they may take small blood meals, their main interest on the host is to mate with 
females. The mouthparts are located on the capitulum and consist of the chelicerae 
and hypostome, which together enable penetration of the skin and secure attachment 
to the host (Richter et al. 2013). A pair of sensory structures called as palps are 
located around the mouthparts. Ticks also have a unique sensory structure called 
Haller’s organ, which is located on the tarsus of the forelegs. This organ is critical in 
questing for hosts and finding a mate, since tick uses it to sense humidity, 
temperature, carbon dioxide, and pheromones (Hillyard 1996; Sonenshine and Roe 
2014). 

Ixodes ticks can be identified to species level under a microscope, using 
several key morphological features distinguishing I. ricinus from I. persulcatus 
(Estrada-Peña et al. 2018; Filippova NA 1977; Hillyard 1996): In females the 
length of alloscutal setae is longer and more segregated in I. ricinus compared 
with I. persulcatus; the posterior marginal groove is clearly visible in 
I. persulcatus, unlike in I. ricinus; the concave in dorsal posterior margin of the 
basis capitula is V-shaped in I. ricinus and straight in I. persulcatus; a syncoxae 
is visible on first coxa in I. ricinus, but not in I. persulcatus; the genital aperture 
is arched (5-6:1) in I. ricinus and straight (1.5-2:1) in I. persulcatus (Figure 1). 
In males, species-specific characteristics include setae length and syncoxae. The 
general dorsal features of both sexes of I. ricinus and I. persulcatus are shown in 
Figure 2. 

 
Figure 1.  A) Genitals of Ixodes persulcatus female; B) genitals of I. ricinus female. 
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Figure 2.  A) Ixodes persulcatus, female; B) I. persulcatus, male; C) I. ricinus, female; D) I. ricinus, 

male. 

1.2.2 Distribution in nature 
Environmental factors and availability of host animals affect tick host-finding and 
seeking possibilities, rate of tick development and mortality, thus the density and 
distribution in nature (Medlock et al. 2013; Sirotkin and Korenberg 2018). Ixodes 
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ricinus and I. persulcatus inhabit a variety of forest types throughout the ranges of 
their host animals in the temperate zone of Eurasia and they both appear to have a 
high ecological flexibility (Sirotkin and Korenberg 2018). Ixodes ricinus is 
distributed throughout Europe, extending to Fennoscandia in North, north Africa in 
South and the Urals in East (Estrada-Peña edat al. 2018), while the distribution of 
I. persulcatus extends from Fennoscandia to Japan (Wang et al. 2023). However, 
because ticks have limited mobility, the range within which they can seek a host is 
relatively small. The small habitat also makes them more vulnerable to changing 
climatic conditions, such as dryness. Hard ticks are relatively sensitive to desiccation 
and require high humidity to survive when they are not on a host (Sirotkin and 
Korenberg 2018). When not searching for a host, I. ricinus and I. persulcatus remain 
in sheltered, humid environments such as the litter layer (Hillyard 1996; Sonenshine 
and Roe 2014). Under conditions of low moisture, ticks will quest for shorter periods 
(Perret, Rais, and Gern 2004) and if desiccating conditions are lasting too long, tick 
mortality is increased (Perret et al. 2000, 2004). Generally, higher relative humidity 
and mean air temperature increase tick densities (Gray et al. 2009; Sirotkin and 
Korenberg 2022; Sormunen, Klemola, et al. 2016), while extremely high 
temperatures together with lower humidity may reduce tick densities (Brown et al. 
2014; Ogden et al. 2021). Climatic requirements of I. persulcatus and I. ricinus seem 
to differ from each other, as I. persulcatus appears to be adapted to habitats that are 
slightly drier and colder than those preferred by I. ricinus (Jaenson et al. 2016; 
Sirotkin and Korenberg 2018). In nature, questing ticks are also shown to aggregate. 
Especially, aggregations of larvae are commonly observed after hatching from a 
single egg batch and due to limited mobility (Healy and Bourke 2008). When seeking 
a host, different life stages typically quest at different heights in vegetation. Larvae 
are questing at the lowest parts, nymphs slightly higher, and adults climb to the 
highest parts of ground vegetation in order to reach the larger host animals 
(Sonenshine and Roe 2014). Ticks can uptake relatively large blood meals, enabling 
them to survive long periods without a host, even years, spending approximately 
90% of their lifetime off the host (Hillyard 1996; Sonenshine and Roe 2014). When 
blood feeding, adult ticks can stay attached to a host even up to two weeks, which 
enable the dispersal of ticks to new environments (Estrada-Peña and De La Fuente 
2014).  

It appears that the populations of both tick species have increased and they have 
expanded their distributional ranges towards northern latitudes and higher altitudes 
over the last decades (Bugmyrin et al. 2013; Jaenson, Jaenson, et al. 2012; Jore et al. 
2011; Lindgren et al. 2000; Sormunen, Klemola, et al. 2016; Sormunen, Sääksjärvi, 
et al. 2023). The distribution of tick species in Finland is interesting because the 
country is one of the northernmost areas of tick occurrence in Europe, and because 
it is located within the overlapping distribution range of I. ricinus and I. persulcatus. 



Maija Lamppu 

16 

The last nationwide distribution map of Ixodes ticks in Finland was based on a survey 
published in 1961 (Öhman 1961) and at that time I. persulcatus was not yet found 
from Finland. Since the early 21st century, sporadic reports (Alekseev et al. 2007; 
Jääskeläinen et al. 2006, 2011) had confirmed the presence of I. persulcatus in some 
parts of Finland, yet its overall distribution remained unclear. 

1.2.3 Seasonal activity 
The tick activity in different parts of its living range is affected by microclimatic and 
weather conditions, with the timing of activity peak varying by life stage and 
regional conditions in a given year (Hancock et al. 2011). In northern Europe, both 
the unimodal (one activity peak per year) and bimodal (two activity peaks per year) 
activity patterns have been reported for I. ricinus (Gray 2008; Mejlon and Jaenson 
1993; Sormunen, Klemola, et al. 2016). Ticks survive the coldest months by 
overwintering and become active in spring once temperatures rise above 5–7°C 
(Gray et al. 2009; Perret et al. 2000; Sonenshine and Roe 2014). Larval activity starts 
later when temperature exceed ~10°C (Randolph 2004). In northern Europe, the first 
activity peak of questing I. ricinus usually takes place in May-June and the second 
activity peak in the August-September (Cayol et al. 2017). The activity pattern of 
I. persulcatus is different, as the activity of I. persulcatus accelerates rapidly to a 
peak in April-May followed by a sharp decline later in the summer, resulting a 
shorter questing period than in I. ricinus (Bugmyrin and Bespyatova 2023; Uspensky 
2016). 

1.2.4 Host interactions 
Ticks need a blood meal from a suitable vertebrate host animal for survival, for 
development from one life stage to the next, and for reproduction. Ticks will need 
three hosts to finish its life cycle, and in northern Europe, the completion of the 
whole life cycle usually takes from two to four years, though it can range from one 
to six years (Hillyard 1996; Sonenshine and Roe 2014). Under suitable weather 
conditions, Ixodes ticks seek hosts by climbing on vegetation to await passing 
animals. This host seeking activity is called questing (Hillyard 1996). Animals signal 
their suitability to act as hosts through host-produced substances (kairomones) such 
as carbon dioxide and body heat, and through physical disturbances in the 
environment, which attract ticks (Carr and Roe 2015; Leonovich 2020; Zhang et al. 
2024). On the host, ticks may look for a suitable attachment site for several hours 
before attaching. Feeding can last from a few days in larvae and nymphs to up to two 
weeks in adult females (Estrada-Peña and De La Fuente 2014). Tick uses its 
mouthparts to penetrate the skin of the host and anchor itself with a ratchet-like 
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process (Richter et al. 2013). The feeding process involves a finely coordinated and 
dynamic exchange of fluids between the tick and its host, regulated by the tick (Kahl 
and Gray 2023). Tick saliva contains a large number of molecules that ensure the 
free flow of nutrients from the host to the tick, minimize pain and itch in the host, 
prevent immune damage to the tick, and at the same time, facilitate the transmission 
of pathogens from the tick to the host (Nuttall 2019). Once ticks have fed, they detach 
and drop off the host to moult to the next life stage or to lay eggs (Hillyard 1996). 
Moulting of larvae and nymphs occurs either within a few weeks after detachment, 
or following 9-10 months of winter diapause (Gray et al. 2016; Kahl and Gray 2023). 
Adult females die shortly after laying their eggs, whereas adult males continue to 
copulate until they exhaust their energy reserves. The copulation takes place in the 
field, or, in most cases, on the host while females feed (Buczek et al. 2023).  

Ixodes ricinus and I. persulcatus are generalists, having a similar wide range of 
hosts (reported from hundreds of vertebrate species) that may vary somewhat across 
different parts of their distribution (Gern 2008). The main hosts of the Ixodes larvae 
and nymph are small animals such as rodents and ground-feeding birds, while adults 
feed more often on medium to large-sized animals, such as deer (Estrada-Peña and 
De La Fuente 2014; Jaenson et al. 1994; Randolph et al. 1999; Uspensky 2016). 
Humans are considered incidental hosts for ticks, but these attachments can still lead 
to the transmission of tickborne pathogens. 

1.2.5 Ticks as pathogen vectors 
Ticks are significant vectors of numerous pathogens to humans and animals around 
the world. Enzootic cycles of most pathogens rely on reservoir hosts that act as 
amplification sources for the pathogen, and vector species, such as ticks, that 
transmit the pathogen between reservoir hosts (Dantas-Torres et al. 2012). The 
ability of ticks to transmit several different pathogens is closely linked to their life 
cycle, as they take a blood meal at each developmental stage, providing multiple 
opportunities to acquire or transmit pathogens, which are retained through repeated 
moulting events (Kahl 2018; Kurtenbach et al. 2006). Moreover, since the blood 
meals of Ixodes ticks are long-lasting, this further enhances the opportunity for 
pathogen transmission. Individual ticks can also be simultaneously infected with 
multiple pathogens. Ticks themselves usually hatch from eggs uninfected and 
acquire pathogens from the reservoir hosts during blood meals. Thus, adult ticks 
often have a higher pathogen prevalence rate than nymphs, since adults have 
accounted hosts animals already twice. However, nymphs are often responsible for 
transmitting pathogens to humans due to their small and unnoticeable size (Huegli 
et al. 2011; Rudenko et al. 2011). Beside horizontal transmission during the blood 
meal, vertical or transovarial transmission (from mother to egg) has also been 
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observed for some pathogens, such as Borrelia miyamotoi, some Rickettsia and 
Babesia species and TBEV (Chitimia-Dobler 2024; Hauck et al. 2020; Moore et al. 
2018; Ravindran et al. 2023; Wilhelmsson et al. 2021). 

1.3 Tick-borne pathogens (TBPs) 

1.3.1 Borrelia burgdorferi sensu lato complex (Bbsl) and 
Lyme borreliosis (LB) 

Spirochetes of the B. burgdorferi sensu lato complex (Bbsl) are the most commonly 
reported and significant tick-borne pathogens in Europe. Bbsl is a genetically diverse 
group of bacteria, including over 20 named genospecies, and new genospecies and 
variants continue to be recognised (Stanek et al., 2012; Wolcott et al., 2021). The 
most important Bbsl genospecies that commonly infect people are B. burgdorferi 
sensu stricto, B. afzelii and B. garinii. Moreover, B. spielmanii, B. bavariensis and 
B. mayonii are often associated with LB. Other potentially pathogenic genospecies 
are B. lusitaniae, B. bissettiae, B. kurtenbachii and B. yangtzensis, but their 
importance as human pathogens is not clearly established (Mead 2022; Steinbrink et 
al. 2022). The pathogenicity of B. valaisiana has been discussed for many years but 
currently it is considered not to be human pathogenic (Margos et al. 2017). 
Moreover, there are several identified Bbsl genospecies that have not yet been 
reported from humans (Mead 2022; Pritt et al. 2016; Rudenko et al. 2011; Stanek et 
al. 2012; Stanek and Reiter 2011; Steinbrink et al. 2022). Many of the identified Bbsl 
genospecies circulate in Europe, where the most common genospecies causing LB 
are B. afzelii and B. garinii (Rauter and Hartung 2005). Moreover, particular groups 
of reservoir hosts seem to harbour different genospecies of Bbsl (Hanincova et al. 
2003; Wolcott et al. 2021). 

Ticks acquire Bbsl spirochetes either through a blood meal from an infected host 
or by co-feeding near an infected nymph (Gern and Rais 1996). Most of the Bbsl 
spirochetes remain colonized in the tick midgut as it moults to the next life stage 
(Radolf et al. 2012). During the following feeding, spirochetes migrate to the salivary 
glands from where they are transmitted through the saliva to the new host 
(Kurtenbach et al. 2006). Delayed transmission has been demonstrated for Bbsl 
(Piesman et al. 1987), with transmission from tick to host typically occurring after 
12 to 24 hours of feeding (Cook 2014; Sertour et al. 2018). Thus, for humans the risk 
for getting infected is very low if the tick is removed within the first day. 
Transovarial transmission has not been demonstrated for Bbsl (Richter et al. 2012). 
In Europe, I. ricinus and I. persulcatus are the main vectors of Bbsl. Significant 
reservoir host species for Bbsl are small rodents, like Apodemus mice, and various 
bird species (Gern et al. 1998; Gern and Humair 2002; Marsot et al. 2012; Newman 
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et al. 2015). Moreover, migratory birds have an important role in dissemination of 
infected ticks (Comstedt et al. 2006; Olsen et al. 1995). Some hosts, such as humans 
and pet animals, do not contribute to the maintenance of tick or Bbsl populations, 
and are thus considered incidental, dead-end hosts (Kurtenbach et al. 2006). Large 
sized mammals, like ungulates, have no reservoir host competence for Bbsl either, 
although their role as hosts for ticks, particularly adult ticks, is considerable (Pearson 
et al. 2023; Talleklint and Jaenson 1994). The enzootic cycle of Bbsl is presented in 
Figure 3. 

 
Figure 3.  The enzootic cycle of Borrelia burgdorferi sensu lato spirochetes. Modified from Radolf 

et al. (2012). 

Bbsl spirochetes are the causing agents of LB, which is the most common tick-
borne disease in the Northern Hemisphere (Stanek et al. 2012). LB is a multisystemic 
disorder manifesting as a range of clinical signs affecting several organs. The most 
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common clinical manifestation is erythema migrans (EM), which typically appears 
within 1-2 weeks at the tick bite site and eventually resolves, even without antibiotic 
treatment (Stanek et al. 2012). However, without a treatment in the early localized 
phase, the risk for developing disseminated disease increases, since the spirochetes 
can spread to other tissues and organs, causing more severe manifestations affecting 
skin (Acrodermatitis chronica atrophicans, ACA), nervous system (Lyme 
neuroborreliosis, LNB), joints (Lyme arthritis, LA), or heart (Stanek et al. 2012; 
Steere et al. 2016). Only rare cases of LNB present as chronic late LNB, with 
duration of symptoms for more than six months (Hansen et al. 2013). Studies 
suggests that infections with different pathogenic genospecies of Bbsl are associated 
with different clinical manifestations of LB. Although each pathogenic genospecies 
can cause any of the clinical manifestations of LB, LNB is strongly associated with 
B. garinii infection, B. afzelii causes predominantly different skin manifestations, 
including ACA, whereas LA is primarily associated with B. burgdorferi s.s. 
(Borchers et al. 2015). It has been suggested that the genetic diversity, at 
intragenospecies and intergenospecies level, is the reason for variety of clinical 
manifestations that Bbsl infection can display (Dykhuizen et al. 2008; Strle et al. 
2011; Wormser et al. 2008). Moreover, in some cases, co-infections with different 
pathogens may cause diversity in the observed symptoms (Horowitz et al. 2013; 
Krause et al. 2002). 

The number of reported LB cases has been increasing steadily during the past 
decades (Lindgren and Jaenson 2006; Sajanti et al. 2017; Schotthoefer and Frost 
2015), but the reported national incidence rates of LB are rough estimations due to 
the absence of standardized surveillance systems across countries. In Europe, 
Finland is one of the countries with the highest reported incidence of LB (>100 cases 
per 100,000 population per year) (Burn et al. 2023). In 2024, almost 10,000 LB cases 
were reported in Finland according to the National Infectious Diseases Register 
(NIDR) and the Register for Primary Health Care Visits (Avohilmo) maintained by 
the Finnish Institute for Health and Welfare (THL; https://thl.fi/en/). Cases of LB are 
reported from all over country, but the highest incidence rate in Finland are in the 
Åland Islands and in the coastal areas (Sajanti et al. 2017). The reasons for increasing 
LB incidence rates are diverse and include climate change affecting surviving of 
vector ticks and host animals, increased public awareness of LB and improvement 
in diagnostics. However, reported incidence figures of LB do not directly reflect the 
actual infection rates of LB. Population-based seroprevalence surveys, measuring 
immunoglobulin (Ig) levels in the serum, provide a more reliable estimate of 
exposure to Bbsl. However, serological testing also has certain challenges that limit 
its usability, such as the inability to distinguish recent from past infections and its 
sensitivity depending on the stage of the disease, especially the limitation to detect 
early localized LB (Marques 2015). Immunoglobulin M is typically present in the 
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early stages of infection, while IgG increases as the disease progresses. Therefore, 
IgM is usually measured for diagnostic purposes in acute infections, while IgG is 
more suitable for epidemiological or seroprevalence studies, since it reflects past 
exposure and may remain elevated for decades, even after successful treatment 
(Kalish et al. 2001). However, the concentration of antibodies declines after 
antibiotic treatment (Marangoni et al. 2006; Pietikäinen et al. 2022) and in cases 
where treatment is initiated early in the infection, seroconversion may not occur at 
all (Horn et al. 2025). Antibodies may also degrade over time. On the other hand, 
seroconversion can occur in asymptomatic Bbsl infections as well. Finally, 
seroprevalence estimates vary depending on the serological method used. 

1.3.2 Other tick-borne pathogens and associated diseases 
Tick-borne encephalitis virus (TBEV) is a flavivirus causing the other well-
recognised tick-borne disease in addition to LB, namely tick-borne encephalitis 
(TBE). Five subtypes of TBEV have been identified, of which three subtypes 
circulate in European ticks; the European (Eur-TBEV), Siberian (Sib-TBEV), and 
Far-Eastern (FE-TBEV) subtypes (Deviatkin et al. 2020; Süss 2003; Worku 2023). 
Most of the human TBEV infections are considered to be asymptomatic (Gritsun et 
al. 2003; Larsen et al. 2014; Marvik et al. 2021; Thortveit et al. 2020). However, in 
rare cases, severe symptoms and even death is possible. Mortality rates are suggested 
to vary among different TBEV subtypes, with Eur-TBEV infections typically 
presenting as milder with lower mortality rate (0–2%), while Sib-TBEV infections 
are associated with more severe diseases and higher mortality (0–8%) (Gritsun et al. 
2003). TBEV resides in the ticks’ salivary glands, allowing transmission to the host 
within just a few minutes after attachment (Haglund and Günther 2003; Lindquist 
and Vapalahti 2008). Therefore, even a quick tick removal is not sufficient to prevent 
TBEV infection. While in some European countries the number of TBE cases has 
been constant or even decreasing, the incidence has increased over the last decades 
in many countries (Chiffi et al. 2023; Jaenson et al. 2018; Skudal et al. 2024; Slunge 
et al. 2022) including Finland (Tonteri et al. 2015), even though a successful 
vaccination campaign against TBEV has been ongoing in certain risk areas since the 
early 21th century. In Finland, high-risk areas for TBEV transmission are in the 
coastal regions in southern and western Finland (e.g. the Åland Islands), some 
regions in central and eastern Finland, and coastal areas in southern Lapland (Tonteri 
et al. 2015; Uusitalo et al. 2020). According to NIDR, fewer than 100 
microbiologically confirmed cases (incidence ~1/100 000 population) were reported 
annually in Finland before 2020. However, nearly 200 cases were reported in both 
2023 and 2024, and over 200 cases in 2025.  
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 A species of Borrelia not belonging to the Bbsl species complex, but to the 
relapsing fever group of Borrelia, B. miyamotoi, have been reported from European 
hard ticks since the early 21st century (Fraenkel et al. 2002). Human patient cases 
linked to B. miyamotoi were first reported in 2011 (Platonov et al. 2011), and since 
then, different types of clinical symptoms have been described (Hoornstra et al. 
2022). Unlike Bbsl spirochetes, B. miyamotoi also exhibits transovarial transmission 
(Scoles et al. 2004). Symptoms include non-specific manifestations, though in more 
severe cases it may develop into meningoencephalitis (Balážová et al. 2024; 
Gugliotta et al. 2013; Hoornstra et al. 2022). 

Anaplasma phagocytophilum is the pathogen responsible for human granulocytic 
anaplasmosis (HGA, previously called human granulocytic ehrlichiosis, HGE). The 
reported prevalence in Ixodes ticks in Europe has ranged from 0% to 67% (Dumler 
et al. 2005; Henningsson, Hvidsten, et al. 2015; Severinsson et al. 2010; Sormunen, 
Penttinen, Klemola, Vesterinen, et al. 2016; Stuen et al. 2013). In most cases, HGA 
is a mild or moderate illness, but fatal cases have also been described (Acosta-España 
et al. 2025). Although there are a relative low number of diagnosed cases of HGA 
from Europe, a seroprevalence of up to ~30% has been reported (Wang et al. 2020). 
Indeed, the risk of developing clinical disease following an attachment by A. 
phagocytophilum -infected tick is considered to be very low (Henningsson, 
Wilhelmsson, et al. 2015). While the most important vectors of A. phagocytophilum 
in Europe are thought to be I. ricinus and I. persulcatus, various genetic variants of 
the pathogen circulate among different vector and host animals and can differ in their 
ability to cause disease (Doudier et al. 2010; Dugat et al. 2017; Portillo et al. 2011; 
Rymaszewska and Grenda 2008). 

A close relative of A. phagocytophilum, Neoehrlichia mikurensis, has been 
detected in many European countries, with the prevalence in ticks ranging from 1% 
to over 20% (Derdáková et al. 2014; Silaghi et al. 2016). The first reported human 
infection in Europe was from Sweden (Welinder-Olsson et al. 2010), and since then, 
several cases have been documented in immunocompromised patients across Europe 
(Silaghi et al. 2016). The first case in Finland was reported in 2024 (Hohenthal et al. 
2025). 

Rickettsia is a bacterial genus including the spotted fever group (SFG) and the 
typhus group (Paris and Dumler 2016; Parola, Davoust, and Raoult 2005). 
Particularly, SFG Rickettsia, such as R. helvetica and R. monacensis, are often 
reported from Ixodes ticks in Europe (Jensen et al. 2023; Katargina et al. 2015a; 
Raulf et al. 2018; Sprong et al. 2009). In Finland, Rickettsia spp. was first detected 
in I. ricinus ticks from south-western coast, with the overall prevalence of 1.5% 
(Sormunen, Penttinen, Klemola, Hänninen, et al. 2016). Since then, higher 
prevalences (4% –15%) have been observed in urban areas (Sormunen et al. 2025). 
Diseases caused by Rickettsia bacteria are among the oldest-known vector-borne 
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diseases, and several species are associated with human infections worldwide (Parola 
et al. 2013; Parola et al. 2005). However, to date, there are no diagnosed cases of 
tick-borne rickettsiosis from Finland. 

Babesia is a genus of pathogenic apicomplexan parasites that infect red blood 
cells. More than 100 species of Babesia infect wild and domesticated animals, 
especially livestock worldwide (Homer et al. 2000). In Europe, most cases of bovine 
babesiosis and human babesiosis are caused by B. divergens, although B. microti and 
B. venatorum are also associated with human infections (Krause 2019; Schnittger et 
al. 2012). Ixodes ricinus is the main vector of Babesia spp. in Europe, although 
B. venatorum has also been found from I. persulcatus from Latvia (Capligina et al. 
2016). Babesiosis is often asymptomatic or presents with only mild symptoms, but 
severe cases can occur, particularly in immunocompromised people or those who 
acquire the infection via blood transfusion (Krause 2019). Single case of fatal 
babesiosis occurred in Finland twenty years ago (Haapasalo et al. 2010). 

Tularaemia is a zoonosis caused by Francisella tularensis bacterium, which is 
widely distributed over the northern hemisphere. In Europe, the subspecies 
F. holarctica is the main cause of tularaemia (Maurin and Gyuranecz 2016). In 
central Europe, F. tularensis causes sporadic cases and outbreaks, and is mainly 
transmitted through ticks or by contacting with animal reservoirs (Maurin and 
Gyuranecz 2016). However, in northern Europe, tularaemia infections are mostly 
vectored by mosquitos (Rossow et al. 2015). Here, incidence of tularaemia is 
relatively high and outbreaks with hundreds of cases are reported recurrently, 
reflecting cyclic population fluctuations of voles (Henttonen H 2018; Rossow et al. 
2015).  

Bartonella is one of the detected zoonotic bacteria in Ixodes ticks in Europe 
(Billeter et al. 2008; Nebbak et al. 2019; Reis et al. 2011), although ticks unlikely 
have any significant involvement in the transmission of Bartonella spp. and the 
transmission from ticks to animals has not been demonstrated (Telford and Wormser 
2010). Cats are a confirmed reservoir host of B. henselae and can transmit this 
pathogen to humans through scratches or bites, leading to cat scratch disease. The 
disease is rare in Finland. 

New microbial species, genotypes and strains with potential pathogenic 
properties are continually being discovered in ticks. Moreover, co-infections with 
these microorganisms can result in atypical or poorly understood symptoms in 
humans, complicating both diagnosis and treatment. However, while certain 
pathogens are occasionally detected in ticks, the role of I. ricinus and I. persulcatus 
in their transmission may be uncertain. In addition, several of these microbes are not 
pathogenic or have virulent properties, but may have essential roles in tick biology 
or facilitate the growth and transmission of other pathogens (Budachetri et al. 2018; 
Guizzo et al. 2023). One of these microbes is Midichloria mitochondrii, an 
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endosymbiont commonly found in female I. ricinus ticks (Stavru et al. 2020). Other 
pathogens detected in Ixodes ticks in Europe include Pasteurella (Stojek et al. 2004), 
Coxiella burnetii (Körner et al. 2021), Chlamydia-like organisms (CLOs) (Hokynar 
et al. 2016) and Spiroplasma ixodetis (Binetruy et al. 2019; Lager et al. 2025). Of 
these pathogens, S. ixodetis and CLOs have been found from Finnish ticks so far. 
The actual vector competence of ticks for these microbes remains undetermined. In 
addition, the first detection of Alongshan virus, a virus capable of infecting humans, 
was made in 2019 in Ixodes ricinus ticks collected in south-eastern Finland 
(Kuivanen et al. 2019). 

1.4 Aims of the study 
The aim of this thesis was to provide novel information about human-infesting tick 
species in Finland, focusing on their distribution and pathogen burden, and to shed 
light on historical trends in human exposure to the most important tick-borne 
pathogen, Bbsl. The following specific aims were set: 

1. To determine the distribution of I. ricinus and I. persulcatus ticks and to 
identify the tick-borne pathogens they carry in Finland. 

2. To characterize the differences between I. ricinus and I. persulcatus, in 
terms of their pathogen prevalence. 

3. To examine the changes in Bbsl seroprevalence in Finland over a 50-year 
period. 
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2 Materials and methods 

2.1 Growdsourcing data (I, II) 
A national crowdsourcing-based, nationwide tick collection campaign was 
organized in 2015, where citizens were asked to collect ticks across Finland from 
April to November, and sent them via postal mail to the University of Turku for 
identification and further analysis. The campaign was advertised via national 
newspapers, television, and the internet. Along with the ticks, citizens were asked to 
provide their own assessment of the collection site and date, and the species of the 
possible host. The species, life stage and sex of tick samples were identified by 
researchers based on morphological characteristics under a microscope, if possible. 
Almost all the received samples were recognised correctly as Ixodes ticks by citizens. 
Samples that represented other species (for example, deer keds, spiders and moss 
mites) were disposed. After the characterization, ticks were stored at -80ºC. 
Altogether, approximately 7,000 shipments were received containing a total of 
19,923 individual ticks from all over Finland.  

2.1.1 Tick samples used in distribution analyses (I) 
Tick samples without adequate date information or those collected outside the 
campaign period (n=1,788) were excluded from the study. Of the ticks collected in 
2015 (n=18,135), 17,936 could be tentatively identified to species based on 
morphological characteristics. Ticks that could not be identified morphologically by 
microscope were classified only as Ixodes spp. and excluded from the distribution 
analyses. The geographical information of the collected ticks was stored as ETRS-
TM35FIN coordinates with an accuracy of 100 m. After samples lacking adequate 
collection site information were also excluded (=333), the remaining 17,603 
coordinates were used in distribution analyses. Distribution maps were created using 
MapInfo Professional 12.0 software (Pitney Bowes Business Insight, Troy, NY, 
USA). 
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2.1.2 A subset of ticks for pathogen screening (I, II) 
In Study I, a subset of 2,038 ticks (1044 I. ricinus and 994 I. persulcatus) was 
selected in order to investigate the prevalence of Bbsl, B. miyamotoi, and TBEV. In 
Study II, a total 3,465 ticks (2014 I. ricinus and 1451 I. persulcatus) were screened 
(including the samples analysed already in Study I) for Rickettsia spp., Babesia spp., 
Bartonella spp., Anaplasma spp., Francisella tularensis and Neoehrlichia 
mikurensis. Bbsl was also screened in study II and positive samples were further 
identified to genospecies level. Both subsets of samples were manually selected to 
roughly represent major collection areas, tick life stages and sex distribution of the 
whole collection. However, approximately the same number of I. ricinus and 
I. persulcatus samples were selected to obtain a comprehensive picture of both 
species, while the proportion of I. ricinus was four times that of I. persulcatus in the 
whole collection. Moreover, a higher proportion of I. ricinus samples collected in 
May and June was analysed for pathogens (84.1%) compared to their proportion in 
the whole collection (60.5%). 

In Study II, samples were further divided into three different collection areas: 1, 
Ixodes ricinus-dominated area (southern Finland); 2, sympatric area (central 
Finland) and 3, I. persulcatus-dominated area (northern Finland) in order to 
investigate the prevalence of tick-borne pathogens in a sympatric area and areas 
dominated by a single tick species. 

Samples in the subsets that could not be identified morphologically by 
microscope, along with uncertain samples that had been tentatively identified to 
species level (total of 146), were later identified by species-specific duplex real-time 
PCR (rPCR) assay. Of these, 57 were identified as I. ricinus and 41 as I. persulcatus 
in Study I and 38 as I. ricinus and 10 as I. persulcatus in Study II. 

2.2 Human serum samples and health-
questionnaire data (III) 

Total subset of 3,990 serum samples was used to determine the Bbsl seroprevalence. 
Samples were collected from four different health surveys: Finnish Mobile Clinic 
Health Survey 1970 (FMC1970), Mini Finland1980 (MF1980), Health 2000 
(Health2000) and Finn Health 2017 (FH2017). These surveys were aiming to gather 
information on the national public health through questionnaires and interviews, 
physical examinations, and laboratory measurements, including serum samples.  

The survey FMC1970 was a nationwide cross-sectional health survey conducted 
over the years 1966–1972 (hereafter abbreviated as year 1970) consisting of more 
than 50,000 people aged 15 and over (Cuellar et al. 2020; Knekt et al. 2017). Serum 
samples from FMC1970 had already been analysed and the Bbsl seroprevalence 
reported in the previous study (Cuellar et al. 2020). However, since a different 
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screening assay method was used in Study III, samples from FMC1970 were re-
analysed in order to get comparable results of the seroprevalence changes between 
the time points. The survey MF1980, that was carried out in years 1978–1980 
(hereafter abbreviated as year 1980, was part of the Finnish Mobile Clinic Survey. 
The survey was carried out in 40 study areas around the country. It focused on a 
sample of over 7,000 participants representing the Finnish population aged ≥30 years 
(Knekt et al. 2017). The survey Health2000 was carried out in years 2000–2001 
(hereafter abbreviated as year 2000) consisting of more than 8,600 participants aged 
≥18 years living in the mainland Finland (Heistaro 2008). The survey FH2017 was 
carried out in 2017, consisting of more than 10,000 participants aged ≥18 year from 
50 localities in Finland (Borodulin and Sääksjärvi 2019).  

Around 1,000 samples were selected from each survey using simple random 
selection. Beside serum samples, demographic and other relevant variables were 
analysed from each of the survey questionnaires. Approximately same number of 
females and males were included in the analyses. Age of the participants ranged from 
15–94 years. However, only nine participants were adolescents (15–17 years old) 
and these samples were all collected in 1970. Samples were categorized to represent 
five different age groups, and each category included around 20% of participants, 
apart from the oldest age group (≥70 years), which included around 15% of 
participants. Samples were divided into five different university hospital districts: 
HYKS (Helsinki), KYS (Kuopio), TYKS (Turku), TAYS (Tampere), and OYS 
(Oulu), representing the geographical area of the residence of the participants. 
Around 28% of samples were collected from Helsinki district, 23% from Oulu 
district, 20% from Kuopio district, 17% from Turku district and 13% from Tampere 
district. Tampere district had missing data from 1970. Data and serum samples were 
obtained from the biobank administered by the Finnish Institute for Health and 
Welfare (THL). The samples were stored at -20℃. 

2.3 Laboratory analyses 

2.3.1 Analyses of tick samples (I, II) 

2.3.1.1 Tick DNA and RNA extraction (I, II) 

DNA and RNA were extracted sequentially from the tick samples using 
NucleoSpin® RNA kits and RNA/DNA buffer sets (Macherey- Nagel, Düren, 
Germany) following the kit protocols. DNA extracts were stored at -20ºC and RNA 
extracts at -80ºC. 
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2.3.1.2 Real-time PCR and rRT-PCR (I, II) 

 Real-time quantitative PCR (qPCR) assays were carried out to screen tick 
DNA/RNA samples for tick-borne pathogens. DNA samples were screened for Bbsl 
(I, II), B. miyamotoi (I), Rickettsia spp. (II), Anaplasma phagocytophilum (II), 
Neoehrlichia mikurensis (II) Bartonella spp. (II) and Babesia spp. (II). In addition, 
RNA samples were screened for TBEV (I). 

Primers and a probe amplifying a 102-bp fragment of the outer surface protein 
A (ospA) gene, were used to detect Bbsl DNA as previously described (Ivacic et 
al. 2007). For B. miyamotoi, primers and a probe targeting the B. miyamotoi 
flagellin gene were used as previously described (Hovius et al. 2013) with minor 
modifications. For screening Rickettsia, Anaplasma, N. mikurensis, Babesia, 
F. tularensis and Bartonella, aliquots of original DNA samples were first pooled 
(10 samples per pool, 5 μl of each sample). For Babesia, Anaplasma and 
N. mikurensis screening, multiplex qPCR was used. Fragments of the 18S rDNA, 
surface protein antigen Msp2, and the chaperonin GroEL were amplified from tick 
lysates using the primers and probes. For Bartonella and Rickettsia, a duplex qPCR 
was used with primers and probes targeting Bartonella ssrA and Rickettsia gltA. 
Primers and a probe targeting 23 KDa gene were used to detect Francisella 
tularensis DNA. Samples were analysed in three replicate reactions carried out on 
384-well plates. Original DNA samples were re-analysed if a pooled sample was 
found positive. 

Because of the low expected prevalence, pooled RNA samples were used for 
TBEV screening as well. Pools were examined using real-time reverse transcription-
PCR with primers, and a probe amplifying the 3′-non-coding region of the TBEV 
genome as previously described (Schwaiger and Cassinotti 2003; Tonteri et al. 
2011). Original RNA samples were re-analysed if a pooled sample was found 
positive.  

In addition, tick species, if unknown after morphological identification, was 
determined using a species-specific duplex rPCR assay as previously described 
(Sormunen, Penttinen, Klemola, Hänninen, et al. 2016), with primers targeting a 
fragment of the Ixodes spp. internal transcribed spacer 2 (ITS2) gene to amplify 
genus-specific segments and probes matching the ITS2 region of each tick species.  

Samples were analysed in three replicate reactions carried out on 384-well plates. 
DNA extracted from cultivated pathogen strains, or confirmed positive samples were 
used as positive controls and double-distilled water (ddH2O) was used as a negative 
control in each run. Samples were considered positive when successful amplification 
was detected in at least two replicate reactions. Assays were carried out at Finnish 
Microarray and Sequencing Centre (FMSC, Turku, Finland) and results were 
analysed using QuantStudio™ 12 K Flex Software v.1.2.2. The thermal cycling 
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profiles, controls, primers and probes, and the mastermix contents for each assay are 
described in the original publications of Studies I and II. 

2.3.1.3 Sequencing (II) 

The variable 5S-23S rDNA (rrfA-rrlB) intergenic spacer region (IGS) was 
sequenced from samples found positive for Bbsl to identify the bacteria to 
genospecies level as previously described (Coipan, Fonville, et al. 2013). The 5S–
23S IGS was amplified by PCR with the HotStarTaq master mix (Qiagen, Venlo, 
The Netherlands).  

Samples that tested positive for Rickettsia spp., Anaplasma spp., and Babesia 
spp. by qPCR were subsequently sequenced. PCR primers targeting Rickettsia gltA, 
Anaplasma 16S rRNA, and Babesia 18S rRNA were used. 

Electrophoresis was carried out to confirm amplification success. Purified 
samples were sent to Macrogen Inc. Europe (Amsterdam, Netherlands) for 
sequencing. The sequences were trimmed using Geneious 11.1.2, then run through 
BLAST (www.ncbi.nlm.nih.gov/BLAST/) and compared with reference sequences 
listed in the GenBank (www.ncbi.nlm.nih.gov/genbank/) nucleotide sequence 
database. 

2.3.2 Analyses of human serum samples (III) 
Human serum samples were analysed for Bbsl seropositivity with a two-tier testing 
strategy, including the first-tier screening assay using an IgG Elisa assay and second-
tier confirmatory assay using an IgG bead immunoassay. Schematic overview of 
diagnostic assay algorithm can be seen in Figure 4. 

2.3.2.1 First-tier screening assay (III) 

Serum samples were first screened for lgG antibodies with Anti-Borrelia plus VlsE 
ELISA (IgG) (Euroimmun AG, Lübeck, Germany) in accordance with the 
manufacturer’s instructions. The test is based on whole antigen extracts of the most 
relevant human pathogenic Bbsl strains and recombinant VIsE protein (Dessau et 
al. 2015). The absorbance was measured at 450 nm using Multiskan GO microplate 
spectrophotometer (ThermoFisher Scientific, Waltham, USA). The samples were 
interpreted as positive (lgG result ≥22 RU/ml), borderline (lgG result ≥16 and <22 
RU/ml) or negative (lgG result <16 RU/ml) as recommended by the manufacturer. 
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Figure 4.  Schematic overview of testing algorithm for the Borrelia burgdorferi sensu lato 

seroprevalence and results in Study III.  

2.3.2.2 Second-tier confirmatory assay (III) 

The serum samples that were interpreted as positive or borderline (lgG result ≥16) 
in the Euroimmun IgG ELISA were further analysed with recomBead Borrelia IgG 
2.0 (Mikrogen, Neuried, Germany) according to the manufacturer’s instructions. The 
assay measures reactivity to several Borrelia antigens. Briefly, magnetic polystyrene 
beads (MagPlex beads) coated with thirteen different antigens: p100, VlsE, p58, p39, 
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OspA, OspC of B. burgdorferi s.s., B. afzelii, and B. garinii, and p18 of B. 
burgdorferi s.s., B. afzelii, B. bavariensis, B. garinii, and B. spielmanii, were used to 
detect specific IgG antibodies from the serum samples. MAGPIX System with 
Luminex® xPONENT software and Mikrogen recomQuant evaluation software 
were used to determine the IgG levels. The serum samples were interpreted as 
positive (test result ≥4 points), borderline (3 points) or negative (0-2 points). The 
serum samples with a positive or borderline test result were considered Bbsl antibody 
positive. Antigen specific antibody binding signal strengths (a Cutoff-Index, COI) 
were considered separately in the statistical analysis. 

2.4 Statistical analyses (I-III)  
On many occasions, several ticks were received in one letter, and the same sender 
sent several letters during the collection period. These samples had often similar 
collection times, locations, hosts, and were often same tick species and 
developmental stage, in other words, samples were dependent on each other. Since 
the independence of observations is generally assumed by basic statistical tests, we 
therefore refrained from formal statistical analyses and conducted formal statistical 
tests only for a couple of specific cases. 

A generalized estimating equation (GEE) with a binomial error distribution and 
logit link function was used to model the probability of an adult I. ricinus tick to be 
positive for pathogen infection in comparison with an adult I. persulcatus. In Study 
I, we analysed Bbsl and in Study II, we analysed Bbsl, Rickettsia spp. and total 
infection rate (all pathogens combined), but refrained from analysing other pathogen 
groups due to low infection prevalence. Larvae and nymphs were ignored as well 
due to their relatively low sample sizes and low numbers of positive pathogen 
detections in both studies. In Study I, the analysis was restricted to regions of 
sympatric occurrence of I. ricinus (n=527) and I. persulcatus (n=885) in order to 
exclude the effect of dissimilar environment and weather on the pathogen prevalence 
in ticks. This was done in practice by filtering the data according to the N coordinate 
of the southernmost I. persulcatus and northernmost I. ricinus. In Study II, we also 
tested whether there was a difference in pathogen prevalence between I. ricinus- and 
I. persulcatus-dominated areas and the sympatric area. The shipment identification 
was set as a clustering factor (I and II) and the species and sex of the tick were fixed 
explanatory factors in Study I, while in Study II, species and collection area of the 
tick were fixed explanatory factors in consecutive tests but never entered as fixed 
factors in the same model.  

In order to determine whether demographic factors or self-reported health issues 
were associated with the Bbsl seropositivity, the laboratory results were combined 
with the background data of the participants. Generalized linear models (GLMs) for 
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binomial data, with the logit link function, were used to estimate the association of 
possible risk factors with Bbsl seropositivity (III). Demographic factors included in 
the analyses were gender, age group, university hospital district, education, 
employment status, and exercise habit of the participant. In addition, some self-
reported diseases, signs or symptoms, and general health-related questions were 
selected from the health questionnaires in order to determine whether Bbsl 
seropositivity was associated with conditions or symptoms known to be connected 
with LB. The selected health-related questions comparably presented in each survey 
questionnaire related to cardiovascular, rheumatic and neurological conditions. All 
factors and health-related questions that were studied are shown in Supplementary 
Table S1 of Study III. In our final GLM, Bbsl seropositivity was set as a dependent 
variable, and categorical factors sex, age group, year and university hospital district 
were included as fixed explanatory effects. Two-way interaction effects were studied 
among sex, age group and year in the first model. In addition, two-way interactions 
were studied with a separate model, in which Tampere district was excluded (n = 505 
samples), due to missing data in 1970, to allow district-related interactions for the 
rest of the data. Moreover, explanatory factor, work status, was studied in a separate 
model, in which only data from FMC1970 and MF1980 were included (n = 1,913), 
since the missing information from Health2000 and FH2017. When analysing 
health-related questions, symptoms (binomial yes/no) possibly relating to LB were 
set as dependent variables and sex, age group, year, university hospital district and 
Bbsl seropositivity (yes/no) were set as explanatory effects.  

Moreover, to assess the impact of different years on the serological response to 
Bbsl antigens (the concentration of IgG antibodies after Euroimmun Elisa and signal 
strength of IgG antibodies toward VlsE and p18 of B. afzelii after confirmatory 
immunoassay) a one-way GLM was conducted with heterogenous variances (among 
years), a lognormal error distribution and an identity link function.  

Results were displayed using estimated marginal means with 95% confidence 
intervals, and the statistical significance level was considered at the 5% level.  
P-value adjustments for multiple comparisons in a posteriori pairwise tests in Study 
III were made with Tukey-Kramer method. The data were managed using Microsoft 
Excel (Redmond, WA, USA), and statistical analyses were performed with the IBM 
SPSS Statistics software v.23 (Armonk, NY, USA) in Study II and with SAS 9.4 
(SAS Institute Inc., Cary, North Carolina, USA) in the Studies I and III. Graphs and 
figures were made with Microsoft Excel or with CorelDraw (Corel Corporation, 
Ottawa, Canada).  
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2.5 Ethics 
In many cases, citizens who collected ticks for studies I and II, provided their contact 
information along with the tick collection details, if they wished to receive 
information about tick species identification. However, this contact information was 
removed from the dataset after participants had been informed. 

In Study III, background data for seroprevalence study does not contain any 
personal information that could lead to the identification of the study participants, 
since data was anonymised by THL before sharing and analysing. Research 
authorization to access data was obtained from THL. 
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3 Results 

3.1 The Tickbank 

3.1.1 Tickbank characteristics (I) 
Crowdsourcing-based tick collection resulted in 19,923 individual ticks, of which 
18,135 were collected in 2015. From these, 17,936 ticks could be identified 
morphologically as I. ricinus (n=14,133; ~80%) or I. persulcatus (n=3,803; ~20%). 
The vast majority of the ticks were adults (95.5%), of which over 2/3 were females. 
The sex distribution of adult ticks was the same in both species. Ixodes ricinus 
samples contained relatively more larvae and nymphs than I. persulcatus (5.5% vs. 
1.1%, respectively).  

Most of the samples were collected from a host and only a minority (0.4%) from 
nature. The most commonly reported host animal was dog for both tick species 
(54.2% for I. ricinus and 62.2% for I. persulcatus). Ixodes persulcatus was detected 
more often in humans (19.7% vs. 14.5%) whereas I. ricinus was collected more often 
from cats (30.3% vs. 17.3%). 

May accounted for the highest monthly proportion of collected samples (total of 
41.2%; 36.1% of I. ricinus and 61.6% of I. persulcatus). Ixodes persulcatus were 
collected mainly from April to June (98.1%), whereas I. ricinus were collected more 
evenly from late spring to early autumn. Ixodes persulcatus were not collected in 
October and November, while almost 100 I. ricinus were collected during the same 
period. 

3.1.2 Geographical distribution of I. ricinus and I. 
persulcatus (I) 

Maps of the geographical distribution of I. ricinus and I. persulcatus were drawn 
based on the coordinates of 17,603 ticks (13,847 I. ricinus and 3,756 I. persulcatus) 
(Figure 5). Majority of tick samples were received from central Finland (the so-
called Finnish Lakeland) and coastal areas, especially from the southern coast of 
Finland, all of which were I. ricinus. Whereas the distribution of I. ricinus largely 
covered central and southern Finland, especially concentrating on the proximity of 
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large water areas, the distribution of I. persulcatus seemed to be clustered in three 
distinct areas: on the coast of the Gulf of Bothnia, in eastern Finland, and in the 
middle of southern Finland. The southern country below the latitude 61°N is an area 
dominated by I. ricinus, while the northern country above 65°N is dominated by 
I. persulcatus. The region between these latitudes is a sympatric zone for both 
species. Both tick species were received from northern Finland (north of latitude 65º 
N), although a vast majority of these were I. persulcatus (760/784; 97%). The 
northernmost collection sites were beyond the Arctic Circle, at latitudes of 67° N. 

 
Figure 5.  The geographical distribution of Ixodes ricinus and I. persulcatus in Finland based on 

the coordinates of 17,603 ticks collected in 2015. Blue dots indicate the collection points 
of I. ricinus (n=13,847) and red dots the collection points of I. persulcatus (n=3,756). 
Modified from the original publication of Study I. 

3.1.3 TBPs in Finnish ticks (I, II) 
A total of 3,465 tick samples, consisting of 2,014 I. ricinus and 1,451 I. persulcatus 
samples were analysed for the presence of pathogens in Study II (Table 1). The total 
infection rate and the diversity of different tick-borne pathogens was higher for 
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I. ricinus (30.0%, five pathogen groups) than for I. persulcatus (24.0%, three 
pathogen groups). The total prevalence of mono- and co-infected ticks were 25.7% 
(892/3,465) and 1.7% (60/3,465), respectively. However, TBEV and B. miyamotoi 
are not included in these numbers since they were analysed from a smaller subset 
(n = 2,038) in Study I. 

Table 1.  Infection prevalence (%) of pathogens in I. ricinus and I. persulcatus samples. Modified 
from the original publication of Study II. 

Species I. ricinus I. persulcatus Total 

Collec-
tion 
areaa 

1 2 3 -b Sub-
total 

1 2 3 -b Sub-
total 

 

No. of 
ticks 
analysed 

994 998 5 17 2014 0 1160 261 30 1451 3465 

No. of 
ticks 
infected 

325 
(32.6) 

277 
(27.8) 

0 2 604 
(30.0) 

0 271 
(23.4) 

69 
(26.4) 

8 348 
(24.0) 

952 
(27.4) 

Bbsl 202 
(20.3) 

124 
(12.4) 

0 1 327 
(16.2) 

0 200 
(17.2) 

55 
(21.1) 

8 263 
(18.1)  

590 
(17.0) 

Rickett-
sia spp. 

126 
(12.6) 

152 
(15.2) 

0 1 279 
(13.9) 

0 78 
(6.7) 

16 
(6.1) 

0 94  
(6.5) 

373 
(10.8) 

N. miku-
rensis 

11 
(1.1) 

6     
(0.6) 

0 0 17   
(0.8) 

0 0 0 0 0 17   
(0.5) 

Anaplas-
ma spp. 

12 
(1.2) 

7     
(0.7) 

0 0 19   
(1.0) 

0 2   
(0.2) 

0 0 2      
(0.1) 

21   
(0.6) 

Babesia 
spp. 

7  
(0.7) 

4     
(0.4) 

0 0 11   
(0.5) 

0 0 0 0 0 11   
(0.3) 

aAbbreviations: 1=I. ricinus dominated area in south Finland, 2=sympatric area of both species in 
middle Finland, 3=I. persulcatus dominated area in north Finland. 
bTick samples that were not categorized into collection areas due to inaccurate collection 
information provided by citizens. 

3.1.3.1 The prevalence of Bbsl (I, II) 

The most prevalent pathogen group was Bbsl, which was detected in 17% of the 
screened tick samples (Table 1). The total prevalence of Bbsl in Study I was 
equivalent with the prevalence in Study II (16.9% vs. 17.0%). A significantly higher 
probability of Bbsl infection was found in I. persulcatus adults [0.22 (0.19–0.25)] 
compared with I. ricinus adults [0.16 (0.13–0.18)] (Wald statistics χ2 = 8.50, DF = 1, 
p = 0.004), even in the sympatric area (I. persulcatus adults [0.17 (0.15–0.20)], 
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I. ricinus adults [0.12 (0.10–0.15)], χ2 = 7.68, DF = 1, p = 0.006) (II). No differences 
in the prevalence of Bbsl were observed between females and males of either species 
(sex: χ2 = 1.03, DF = 1, p=0.311; species× sex: χ2 = 0.03, DF = 1, p = 0.872) (I). 

In Study II, out of the Bbsl-positive samples (n = 590), 394 were successfully 
identified to genospecies level. Four different genospecies were identified: B. garinii 
(205/394; 52.0%), B. afzelii (151/394; 38.3%), B. valaisiana (25/394; 6.4%) and 
B. burgdorferi s.s. (13/394; 3.3%). Among I. ricinus samples, B. garinii (103/231; 
44.6%) and B. afzelii (94/231; 40.7%) were the predominant genospecies, followed 
by B. valaisiana (21/231; 9.1%) and B. burgdorferi (s.s.) (13/231; 5.6%), while in 
I. persulcatus samples, B. garinii (102/163; 62.6%) was clearly the predominant 
genospecies, followed by B. afzelii (57/163; 35.0%) and B. valaisiana (4//263; 
2.5%). Borrelia burgdorferi (s.s.) was not detected in I. persulcatus. 

3.1.3.2 The prevalence of other TBPs (I, II) 

The second most prevalent pathogen group was Rickettsia spp., which was detected 
in 10.8% of the screened tick samples (Table 1). The prevalence was 13.9% for 
I. ricinus and 6.5% for I. persulcatus. The GEE model also indicated a significantly 
higher probability of finding Rickettsia-positive I. ricinus adults [0.13 (0.10–0.17)] 
than I. persulcatus adults [0.05 (0.04–0.08)] (χ2 = 27.17, DF = 1, p <0.001). Of the 
373 positive samples, 254 were successfully sequenced to either R. helvetica 
(231/254, 90.9%), Ca. R. tarasevichiae (20/254, 7,9%) or R. monacensis (3/254, 
1,2%). Among positive I. persulcatus ticks, R. helvetica (32/53, 60.4%) and Ca. 
R. tarasevichiae (19/53, 35.8%) were both abundant, while R. helvetica was clearly 
the most abundant species among I. ricinus samples (199/201, 99%). DNA of Ca. 
R. tarasevichae was detected almost exclusively in I. persulcatus (18/19 positive 
samples). Two I. persulcatus (3.8%) and one I. ricinus (0.5%) ticks were infected 
with R. monacensis. 

In total, Anaplasma spp. was detected in 0.6% of the screened DNA samples 
(Table 1). The prevalence was 1.0% for I. ricinus and 0.1% for I. persulcatus. From 
19 positive I. ricinus samples, 12 were identified as A. phagocytophilum by 
sequencing. Neither of the two positive I. persulcatus samples could be identified to 
species level due to a poor DNA sequence trace. 

Neoehrlichia mikurensis was detected in 0.5% of the screened samples, all of 
which were I. ricinus (prevalence 0.8%, Table 1).  

Babesia spp. was detected in 0.3% of the screened samples, all of which were 
I. ricinus (prevalence 0.5%, Table 1). Nine positive samples were successfully 
sequenced, of which seven were identified as B. venatorum (77.8%) and two were 
identified as B. divergens (22.2%). 
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Francisella tularensis and Bartonella spp. were not detected in either of the tick 
species. 

TBEV and B. miyamotoi were analysed in Study I from a total of 1044 I. ricinus 
and 994 I. persulcatus samples. The overall prevalence of TBEV was 1.6% and the 
prevalence was higher for I. persulcatus (3.0%; 30/994) than for I. ricinus (0.2%; 
2/1044). Borrelia miyamotoi was detected in six samples, of which two were 
I. ricinus (0.2%) and four I. persulcatus (0.4%). 

3.1.3.3 Co-infection of pathogens (I, II) 

Among the analysed ticks in Study II, 1.7% were found to be co-infected. Ixodes 
ricinus were more frequently co-infected than I. persulcatus: 2.4% vs. 0.8%, 
respectively. A higher diversity of different pathogen infections was also observed 
in I. ricinus (6 combinations) than in I. persulcatus (1 combination: between Bbsl 
and Rickettsia spp.) in Study II. However, B. miyamotoi and TBEV were only 
analysed in Study I and were excluded from the pathogen analyses in Study II. In 
Study I, eight I. persulcatus ticks were co-infected with TBEV and Bbsl and two 
I. persulcatus ticks were co-infected with Bbsl and B. miyamotoi, while no I. ricinus 
ticks were found to be co-infected. In Study II, most of the co-infections (68.3%) 
were between Bbsl and Rickettsia spp. pathogens. When investigating co-infections 
among infected adult ticks, no significant differences were observed between species 
or the three collection areas (species: χ2=1.50, DF=1, p=0.221; collection areas: 
χ2=3.80, DF=2, p=0.149). Co-infection prevalence for adult infected ticks was 8.1% 
for I. ricinus and 3.2% for I. persulcatus.  
 The co-infection prevalence for juvenile ticks was 2.6% (4/152) for I. ricinus and 
3.7% (1/27) for I. persulcatus. Three of the four positive N. mikurensis nymphs were 
co-infected with B. afzelii.   

3.1.3.4 Pathogens in larvae and nymphs (I, II) 

In Study II, pathogen prevalences were investigated from 149 I. ricinus nymphs, 3 
I. ricinus larvae, 26 I. persulcatus nymphs and 1 I. persulcatus larva. From the 179 
samples of juvenile life stages, 33 (18.4%) were infected with Bbsl, Rickettsia or 
N. mikurensis. Three I. persulcatus nymphs (11.5%) and 31 I. ricinus nymphs 
(20.8%) were found to be infected at least one pathogen. Bbsl and Rickettsia 
prevalences in juvenile life stages (13.4% and 5.6%, respectively) were lower than 
in adults (17.3% and 11.1%, respectively) (II). In Study I, the prevalence of Bbsl 
was 17.1% (332/1,945) for adult ticks and 14.4% (13/91) for nymphs and no larvae 
were found to be infected. In contrast, the prevalence of N. mikurensis in juvenile 
life stages was higher than in adults (2.2% vs. 0.4%, respectively). However, three 
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of the four N. mikurensis -positive nymphs were collected from the same location, 
and positive samples were therefore strongly correlated. One I. ricinus larva carried 
B. garinii, but the rest of the positive Bbsl samples from nymphs that could be 
identified by sequencing were B. afzelii. TBE was found from one I. persulcatus 
nymph in Study I. 

3.1.3.5 Pathogen distribution (I, II) 

The GEE model indicated a significantly higher probability of finding infected adults 
from the I. ricinus-dominated area compared to the sympatric area [I. ricinus-
dominated area, 0.31 (0.27–0.35); I. persulcatus-dominated area, 0.28 (0.22–0.36); 
sympatric area, 0.25 (0.23–0.27)] (χ2=7.01, DF=2, P=0.030). However, Bbsl was the 
only pathogen group with a significant difference in infection prevalence in adult 
samples between the I. ricinus-dominated and sympatric area [I. ricinus dominated 
area, 0.24 (0.20–0.29); I. persulcatus-dominated area, 0.18 (0.13–0.24); sympatric 
area, 0.14 (0.13–0.16)] (χ2=23.40, DF=2, P<0.001). When investigating the number 
of infected ticks on the different latitudes in steps of one degree (approximately 
110 km), the highest infection rates were found from the area below the latitude of 
60°N (38.5%, n=104), between the latitudes of 60°N and 61°N (33.7%, n=808) and 
from the area between the latitudes of 65°N and 66°N (32.4%, n=148). In contrast, 
the lowest rate was from the area between the latitudes of 64°N and 65°N (21.3%, 
n=127). 

The distribution map drawn from the positive Bbsl and Rickettsia samples 
corresponded to the distribution of the whole subset of ticks and were detected 
beyond the latitude of 65°N. For Bbsl, the highest prevalence of infected I. ricinus 
was observed in southern Finland (I. ricinus-dominated area), while the highest 
prevalence of infected I. persulcatus was observed in northern Finland 
(I. persulcatus-dominated area) (Table 1). Rickettsia spp. was the only pathogen 
group with a descending trend in infection prevalence towards the higher latitudes 
(I. ricinus-dominated area: 12.6%; sympatric area: 10.7%; and I. persulcatus-
dominated area: 6.0%), even though the differences were not significant. The 
members of family Anaplasmataceae and Babesia spp. were not detected beyond the 
latitude of 65°N. The distribution of the positive N. mikurensis and Babesia samples 
were rather aggregated as most of the positive samples were collected from 
urbanized areas near the cities of Helsinki, Tampere and Turku in southern Finland. 
All Babesia-positive samples from southern Finland that were successfully 
identified were B. venatorum, whereas B. divergens was detected only in samples 
collected from central Finland. TBEV-positive samples were collected from coastal 
areas in the Bothnian Bay, eastern Finland and south-central Finland. Borrelia 
miyamotoi -positive ticks were collected from southwestern Finland, central Finland 
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and the coast of the Bothnian Bay. The distribution maps drawn from the pathogen 
positive samples are presented in the original publications of Studies I and II. 

3.2 Bbsl seroprevalence in Finland (III) 
A total of 3,990 human serum samples were analysed for the presence of IgG 
antibodies to Bbsl. Almost the same number of females (n = 2,035) and males 
(n = 1,955) were analysed and the age of the participants ranged from 15 to 94 years. 
However, only nine participants were adolescents (15–17 years old) and they were 
all from FMC1970 survey. The first-tier screening assay resulted in 650 positive and 
250 borderline samples (total of 900 samples, 22.6%) that were further analysed with 
the second-tier confirmatory assay (Figure 4). After the confirmatory assay, 479 
samples were positive and 43 were borderline (total of 522 samples, 58.0%). Thus, 
the overall seroprevalence of Bbsl in Finnish population from the late 1960s till 2017 
was 13.1% (522/3,990; 95% CI: 12.0–14.1%).  

3.2.1 Changes in Bbsl seropositivity across years (III) 
Sampling year of the sample was statistically significantly associated with 
seropositivity as a main effect (GLM: F3, 3958 = 37.59, p < 0.001). The probability 
of seropositive sample was highest in the samples gathered in 1970 (model-based 
[=least squares] mean estimate = 0.220) and was lower in samples gathered in 1980 
(0.109), 2000 (0.036) and 2017 (0.019). As a crude percent, the seroprevalence was 
25.0% in 1970, 16.6% in 1980, 7.4% in 2000 and 3.4% in 2017 (Table 2).  

Moreover, there was a significant difference in the strength of serological 
responses to Bbsl antigens among study years. The highest serological responses 
were observed in the samples from 1970: in the concentration of antibodies in the 
first-tier screening assay (GLM: F3, 896 = 37.59, p < 0.001 for the effect of year), and 
against VlsE (F3, 518 = 6.12, p < 0.001) and p18 of B. afzelii (F3, 510 = 4.61, p = 0.003) 
in the second-tier confirmatory assay. The concentration of the IgG antibodies of the 
positive samples in the first-tier screening assay varied from 16 to over 200 and the 
signal strength (COI-value) of IgG antibodies toward VlsE and p18 of B. afzelii in 
the second-tier confirmatory assay varied between 0 and 10. Most of the samples 
interpreted as positives after the confirmatory assay, had detectable IgG antibody 
level (COI ≥ 0.67) toward the p18 of B. afzelii (n = 385/522, 73.8%) and only 
minority of positives had antibodies toward the p18 of B. garinii (n = 12), 
B. burgdorferi s.s. (n = 5) or B. bavariensis (n = 14). 
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Table 2.  Background data of the analysed serum samples, including sample sizes for the 
significant GLM factors and Bbsl seroprevalences (%). 

 
Total 1970 1980 2000 2017 

Factor No. IgG 
positive (%) 

No. IgG 
positive (%) 

No. IgG 
positive (%) 

No. IgG 
positive (%) 

No. IgG 
positive (%) 

TOTAL 522/3990 
(13.08) 

248/991 
(25.03) 

166/999  
(16.62) 

74/1000 
(7.40) 

34/1000 
(3.40) 

Area 
     

Helsinki 240/1105 
(21.72) 

117/226 
(51.77) 

86/327  
(26.30) 

29/352  
(8.24) 

8/200 
 (4.00) 

Kuopio 162/796 
(20.35) 

73/182 (40.11) 50/260  
(19.23) 

29/154 
(18.83) 

10/200  
(5.00) 

Turku 52/683    
(7.61) 

25/181 
(13.81) 

11/110  
(10.00) 

9/192  
(4.69) 

7/200  
(3.50) 

Tampere 25/505    
(4.95) 

 
14/152  
(9.21) 

6/153  
(3.92) 

5/200  
(2.50) 

Oulu 43/901    
(4.77) 

33/402    
(8.21) 

5/150        
(3.33) 

1/149  
(0.67) 

4/200 
 (2.00) 

Sex 
     

Female 228/2035 
(11.20) 

108/447 
(24.16) 

73/515  
(14.17) 

33/551 
 (5.99) 

14/522  
(2.68) 

Male 294/1955 
(15.04) 

140/544 
(25.74) 

93/484 
 (19.22) 

41/449 
 (9.13) 

20/478 
 (4.18) 

Age (years): 
     

15-39 40/841 
 (4.76) 

15/112 (13.39) 18/257  
(17.00) 

5/240  
(2.08) 

2/232  
(0.86) 

40-49 82/842 
 (9.74) 

33/186 
(17.74) 

42/257 
 (16.34) 

3/233  
(1.29) 

4/166  
(2.41) 

50-59 145/926 
(15.66) 

84/290 
(28.97) 

44/223 
 (19.73) 

13/212 
 (6.13) 

4/201 
 (1.99) 

60-69 130/772 
(16.84) 

70/251 
(27.89) 

32/148  
(21.62) 

21/161 
(13.04) 

7/212 
 (3.30) 

≥70 125/609 
(20.53) 

46/152 
(30.26) 

30/114  
(26.32) 

32/154 
(20.78) 

17/189  
(8.99) 

 

When examining two-way interactions, a significant interaction between year 
and age group was found (GLM: F12, 3958 = 2.91, p = 0.001). In 1970, all the age 
groups ≥50 years had higher seroprevalence than the younger age groups (27.9%–
30.3% vs. 13.4%–17.7%, respectively), whereas in the three more recent surveys the 
oldest age group (≥70 years) peaked in seropositivity. However, a rather similar 
positive age-related trend was observed in the probability of being seropositive in 
each study year, and the probability generally decreased towards the last study year 
2017 (Figure 6). When the 505 samples were removed from Tampere district 
(missing information from FMC1970), a significant interaction was observed 
between year and university hospital district as well (GLM: F9, 3430 = 2.89, 
p = 0.002). The probability of sample being seropositive decreased significantly in 
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Figure 6.  Interaction between year and age group on probability (least-squares means with 95 % 

confidence intervals) of sample being Borrelia seropositive. From the original publication 
of Study III. 

 
Figure 7.  The interaction between year and study area (university hospital district) on probability 

(least-squares means with 95% confidence intervals) of sample being Borrelia 
burgdorferi sensu lato seropositive. Tampere university hospital district was excluded 
from the analysis due to missing data in FMC1970.  

Helsinki and Kuopio districts between 1970 and 1980 (p < 0.001). The 
seroprevalence in Helsinki continued to decrease considerably between 1980 and 
2000, from 26.3% (95% CI: 21.5%–31.1%) to only 8.2% (95% CI: 5.4%–11.1%), 
while at the same time, the decrease in seroprevalence in another high prevalence 
district, Kuopio, was not prominent (from 19.2% [95% CI: 14.4%–24.0%] to 18.8%; 
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[95% CI: 12.7%–25.0%]). Beside Helsinki district, a significant decrease was 
observed in Turku district between 1980 and 2000 (p = 0.044). Kuopio was the only 
district where the probability decreased between 2000 and 2017 (p = 0.001). No 
significant changes in seropositivity were detected in Oulu district during the study 
period. The differences in seroprevalence among the study areas levelled off in 2017 
(Figure 7).  

3.2.2 Other factors associated with Bbsl seropositivity (III)  
University hospital district was statistically significantly associated with 
seropositivity (GLM: F4, 3958 = 52.47, p < 0.001). The probability of being Bbsl 
seropositive was higher among residents from southern (Helsinki, 0.164) or central 
and eastern Finland (Kuopio, 0.141), than from western (Turku and Tampere, 0.047 
and 0.053, respectively) and northern Finland (Oulu, 0.019). As a main effect, males 
had a significantly higher probability (0.081) of being seropositive than females 
(0.054) (GLM: F1, 3958 = 10.16, p = 0.001). A clear increase of age-related 
seroprevalence was observed (GLM: F4, 3958 = 22.15, p < 0.001), with the oldest 
age-group (≥70 years) having the highest probability of being seropositive (0.159). 
After adjustment for year, sex, age group and district, main effects of health-related 
questions and other demographic factors were not found to be significantly 
associated with seropositivity.  

When analysing the samples from FMC1970 and MF1980 only, the surveys with 
information on the work status of the participants available, a significant association 
between seropositivity and the work status was observed (GLM: F5, 1913 = 2.44, 
p = 0.033). People working in outdoors, e.g. farming, had the highest probability 
(0.197) of being seropositive and people working indoors, e.g. office, had the lowest 
probability (0.112) of being seropositive. 
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4 Discussion 

4.1 Crowdsourcing (I) 
Crowdsourcing is a scientific model where individuals from a heterogenous group 
are mobilized to contribute to a specific task. Although the number of studies 
involving crowds is increasing, citizen science is still utilized relatively rarely. In 
tick-related research, the most commonly used methods are field studies including 
cloth dragging and flagging (Kjellander et al. 2021). However, tick collection using 
traditional methods is both time-consuming and laborious. Mapping tick and TBP 
occurrence across vast geographical regions is challenging with a limited number of 
researchers. Through a crowdsourcing approach, in which Finnish citizens 
contributed to tick collection, a nationwide, geographically comprehensive 
collection of ticks could be established. 

While crowdsourcing is effective for gathering data, the method has limitations 
that can affect the generalization and reliability of the results. Since tick samples 
were mostly collected by untrained citizens, information such as the exact collection 
site or date cannot be considered as fully reliable. In addition, crowdsourcing data 
represent human observations, and observations are therefore likely biased towards 
areas with higher population densities. Factors such as survey promotion and site 
accessibility also influence the number of observers in a given area (Cretois et al. 
2021; Mair and Ruete 2016). Furthermore, volunteer citizens may have a particular 
interest in ticks, which could further bias the number of ticks collected in specific 
areas. Indeed, many shipments in the crowdsourcing study contained multiple tick 
samples, and some of the most active citizens sent several shipments over the 
collection period. One exceptionally devoted citizen sent over 700 tick samples via 
many shipments from May to September. Nevertheless, with nearly 7,000 shipments 
received from 5,000 citizens across the country, we expect that not only those 
especially interested in ticks participated. Regarding the collection site, the precise 
location from where the tick was acquired is often uncertain, since tick samples were, 
in most cases, detected on a human or pet animal. On a host, ticks may be transported 
long distances before being detected. In certain areas where only few samples were 
collected, e.g. in the northernmost Finland, we attempted to verify these observations 
by asking the citizens who reported them for more background information. For 
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example, if they had been travelling in the past weeks, the observation was in most 
cases excluded from distribution analyses. For ecological research, our tick 
collection is also heavily biased by the proportion of different tick life stages. Most 
of the samples collected by citizens were adult females, probably due to the better 
detectability and manageability and longer feeding times of adults compared to 
younger life stages, and the requirement of the third blood meal of adult female ticks 
compared to adult male ticks, whose main interest on the host is to mate. In 
conclusion, human factors and uneven spatiotemporal sampling effort can cause 
sampling bias in the data which must be accounted for. Despite some limitations 
regarding crowdsourced data, our study provides valuable insights about where, 
when and how frequently people and companion animals are encountering ticks. 
Importantly, it enables nationwide mapping of I. ricinus and I. persulcatus, along 
with the occurrence of associated TBPs, in a way that would be challenging to 
achieve through traditional field studies alone. 

General trust in scientific experts and the media is likely an important factor 
supporting public engagement in crowdsourcing studies. Based on the particularly 
great success of recent crowdsourcing efforts (I, Laaksonen 2016; Sormunen et al. 
2023), Finnish people seem to have widespread willingness to help and be part of 
research, perhaps due to a general interest in science as well as a shared sense of 
curiosity and concern regarding ticks. In addition, the opportunity to know the result 
from species identification, as we promised in the case of I. persulcatus ticks, may 
have also served as a form of compensation. Citizen science projects can further 
increase public knowledge and interest towards the study subject.  

4.2 Geographical distribution of ticks in Finland 
(I, II) 

The previous nationwide distribution map of Ixodes ticks in Finland was drawn 
based on a survey from the late 1950s and was therefore outdated (Öhman 1961). In 
the 1950s, the northernmost observations of ticks were made from Ostrobothnia and 
Northern Savonia and back then, all tick observations were assumed to be I. ricinus. 
However, the presence of other Ixodes species could not be ruled out. The author 
conducted some field surveys, but the distribution map was otherwise drawn based 
on questionnaire responses from veterinarians and nature enthusiasts. The next 
nationwide research on tick distribution was organised in 2014, when citizens were 
asked to report their tick sightings in a web questionnaire (Laaksonen 2016). This 
study indicated an expansion of the tick distribution range. However, in this study, 
tick species were not taken into account either. Prior to our study, I. persulcatus had 
only been recorded through some sporadic observations in Finland (Alekseev et al. 
2007; Jääskeläinen et al. 2006; Jääskeläinen et al. 2011), leaving its geographical 
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range largely unknown. Inspired by the success of the questionnaire in 2014, the 
nationwide tick collection was conducted in the next year (I). Compared to a 
previous report published over 50 years earlier (Öhman 1961), Study I showed that 
ticks were found at higher latitudes (approximately 200‒300 km further north), 
suggesting a northward expansion of their distribution. During this time, I. ricinus 
populations became established in new locations, especially in coastal areas of the 
Bothnian Bay. Furthermore, I. persulcatus was found to be much more common in 
Finland than previously assumed, now co-occurring with I. ricinus in most parts of 
Finland and even dominating in some regions.  

Most of the tick samples were received from the coastlines and around the 
Finnish Lakeland. A substantial number of ticks were collected from the southern 
coast of Finland, all of which were identified as I. ricinus. Many of the southern ticks 
came from urbanized areas near cities and towns, likely due to a denser human 
population in these regions, thus concealing the actual tick abundance in different 
areas. However, a high number of collected ticks around large water areas might also 
indicate higher suitability for ticks or that the dry continental climate elsewhere is 
suboptimal for ticks. Indeed, field studies also suggest that tick abundance is higher 
in coastal areas in Finland compared to inland regions that are not located near large 
bodies of water (Kokkonen 2022; Sormunen, Andersson, et al. 2020; Sormunen, 
Klemola, et al. 2016). Ticks’ survival depends on relative humidity, especially 
during off-host periods (Medlock et al. 2013), and relative humidity has been found 
to positively correlate with the abundance of active I. ricinus ticks in Finland as well 
(Sormunen, Klemola, et al. 2016). 

The northernmost tick samples were from latitudes of 67° N, where stable tick 
populations are unlikely to occur due to short vegetation periods (Jaenson et al. 
2016; Jaenson and Lindgren 2011; Uspensky 2016). Indeed, only sporadic tick 
collections were made at this latitude. Thus, it can be speculated whether these 
ticks came from established populations or whether they were stragglers 
transported by migratory birds, cervids, or pet animals. While some tick 
observations have been made from the northernmost municipalities in Finland in 
2014 and 2021 as well by other citizen science studies (Laaksonen 2016; 
Sormunen, Kulha, et al. 2023), field surveys conducted over several years in 
northern Finland have found no local ticks, except in the Perämeri research station 
in the coastal area of North Ostrobothnia (Sormunen, Andersson, et al. 2020). After 
contacting some of the collectors, most of the reported northernmost tick samples 
were concluded to represent ticks that were transported via humans or dogs from 
more southerly areas and thus excluded from the distribution analysis. However, 
some samples were considered reliable enough to be included in the map to 
represent the tick encounters. These individual introductions of ticks far from their 
distributional boundaries may have been carried there by natural hosts, like birds 
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or cervids, and do not usually lead to established populations (Hasle 2013). No 
established populations have yet been proven to occur north of 66° N in Finland. 
Nevertheless, there appears to be a general expansion of tick encounter areas 
toward northern regions (Sormunen, Sääksjärvi et al. 2023). Moreover, the 
subarctic region has experienced above-average warming in recent decades, which 
may lead to further spread of ticks in the near future (Post et al. 2019). In Finland, 
the rise in temperature has been markedly rapid since the late 1960s (Mikkonen et 
al. 2015), while the abundance of ticks’ host animals has simultaneously increased 
(Helle and Kauhala 1991; Kekkonen et al. 2012; Lavsund et al. 2003). Particularly, 
the northwestern expansion of I. persulcatus from western Russia to western 
Finland and northeastern Sweden, where one of the northernmost populations of I. 
persulcatus currently occurs, appears to be relatively recent and rapid (Jaenson et 
al. 2016; Tokarevich et al. 2011; Wang et al. 2023). Moreover, the first observation 
of I. persulcatus in Norway was made just recently (Cotes-Perdomo et al. 2025). 
In further east, continentality limits the northern expansion of I. persulcatus 
(Stonevicius et al. 2018). Although ticks have occasionally been sighted around 
Oulu since the 1930s (Pakanen et al. 2020), these instances may have involved 
individual ticks brought by hosts rather than stable, reproducing populations, as 
the established distributional range of ticks in the late 1950s was located over 200 
km further south (Öhman 1961). However, it is more than likely that the 
crowdsourcing study from the 1950s did not detect all established tick populations. 
Besides the observed extension in the distributional ranges of Ixodes ticks in 
Finland, other studies have also indicated local increases in tick abundance 
(Sormunen, Andersson, et al. 2020; Sormunen, Klemola, et al. 2016). The similar 
extension in tick distribution as well as the increase in tick abundance have been 
observed in other northern countries as well (Bugmyrin et al. 2013; Jaenson et al. 
2012; Jore et al. 2011; Lindgren et al. 2000; Ogden and Lindsay 2016; Talleklint 
and Jaenson 1998). Climate change and the density of key hosts for adult ticks are 
believed to be key drivers of changes in tick populations. In the northern 
hemisphere, climate change causes increasing temperatures and precipitation, 
milder winters, and extended growing seasons, which further affect tick survival, 
tick developmental rates, tick questing activity, tick population density and 
fluctuations in host animal populations (Dobson and Randolph 2011; Gray et al. 
2009; Jaenson, Jaenson, et al. 2012; Jaenson and Lindgren 2011; Lindgren et al. 
2000). Moreover, as noted by Sirotkin and Korenberg (2018), changes in the 
ecosystems or regional microclimatic and environmental conditions caused by 
increasing human actions, such as deforestation, urbanization and other economic 
activity, can significantly impact tick abundance and contribute to their observed 
range expansion as well.  
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4.2.1 Distributional features of I. ricinus and I. persulcatus in 
Finland (I, II) 

Ixodes ricinus and I. persulcatus now co-occur in western Russia (Tokarevich et al. 
2011), Estonia (Katargina et al. 2015), Hungary (Hornok et al. 2020), Latvia 
(Capligina et al. 2020), Sweden (Jaenson et al. 2016; Omazic et al. 2023), Norway 
(Cotes-Perdomo et al. 2025) and Finland (I). The first observations of I. persulcatus 
in Finland were made about a decade before our crowdsourcing study, from Kokkola 
archipelago (Jääskeläinen et al. 2006, 2010). Thus, it appears that I. persulcatus has 
established itself in Finland sometime during the late 20th–early 21st century. In 
contrast, historical records indicate a centuries-long presence of I. ricinus in Finland 
(Latva 2017). It was expected that I. persulcatus, being a more recent arrival in 
Finland, would likely have failed to establish in areas where I. ricinus populations 
were already well established. However, I. persulcatus ticks have been observed to 
displace local I. ricinus populations in Russia, in areas close to the Finnish border 
(Bugmyrin et al. 2013). Study I also showed that, while I. ricinus is still predominant 
in southern Finland, I. persulcatus populations now dominate in some of the eastern 
areas as well as in western coastal areas from Ostrobothnia to southern Lapland, and 
central Finland is a sympatric area where both tick species coexist. 

Harsh environmental conditions lead to a more uneven distribution and lower 
overall tick abundance of ticks (Sirotkin and Korenberg 2018), which can be seen 
near their distributional ranges in southern Lapland, further from the coast. The most 
obvious explanation for I. persulcatus dominance in northwestern coast and south 
Lapland would be its better adaptation to cold environments compared to I. ricinus 
(Korenberg et al. 2021). Ixodes persulcatus especially have a high ecological 
flexibility, facilitating their broad geographic distribution from continental climates 
in Asia to more variable climates in eastern and northern Europe (Sirotkin and 
Korenberg 2018; Wang et al. 2023). Ixodes persulcatus can overwinter under more 
severe conditions, is active at lower temperatures and can occur in areas with shorter 
growing season, less precipitation, lower humidity index and temperature sum than 
I. ricinus (Jaenson et al. 2016; Sirotkin and Korenberg 2018). In Finland, the climate 
in the southernmost part of Finland is mostly hemiboreal, while it gradually turns to 
boreal climate in north. In the highest latitudes of its occurrence in Finland and 
Sweden, I. persulcatus lives in areas where the length of growing season varies 
between 140 and 150 days, while I. ricinus prefers areas with a growing season 
exceeding 180 days (Jaenson et al. 2016). However, recent studies on the occurrence 
of I. ricinus and I. persulcatus in Finland have found that, although there may be 
some differences in the environmental factors predicting their presence, 
environmental factors alone do not fully explain habitat suitability or the 
distributional limits of ticks in Finland (Kulha et al. 2022; Uusitalo et al. 2020). 
Moreover, Kulha et al. (2022) found no major differences in winter conditions 
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between sites where either I. ricinus or I. persulcatus were present in Finland in the 
area of their co-occurrence. They also suggested that in the area of I. ricinus and 
I. persulcatus co-occurrence in Finland, I. ricinus might actually be more resistant 
to desiccating conditions than I. persulcatus, as it inhabits sites that are more prone 
to drought such as urban inland areas and rocky and elevated sites, which might be 
explained by differences in the temporal activity patterns between the species. Since 
the activity period of I. persulcatus only lasts 3 months in Finland (Pakanen et al. 
2020; Sormunen, Andersson, et al. 2020), I. persulcatus must survive longer periods 
of dormancy, when they need to conserve energy as much as possible. In contrast, 
the activity period of I. ricinus could potentially last even up to 8-10 months, which 
shortens the winter dormancy, potentially leading to better survival in xeric 
environments than I. persulcatus. Although cities are generally warmer and drier 
than the surrounding countryside, small-scale environmental variability can 
significantly affect the local conditions, resulting in patches of high humidity within 
urban areas as well. Urban green spaces are known to sustain several host species 
and provide suitable habitats for ticks (Klemola et al. 2019; Rizzoli et al. 2014; 
Sormunen et al. 2025). However, while in the area of their co-occurrence, I. ricinus 
prevails in major inland cities, I. persulcatus is the dominant species in major coastal 
cities (Figure 5). A reason suggested by Kulha et al. (2022) for I. perculatus 
dominance in western coastal cities may be the reverse urban heat inland effect 
(UHI), since the effect may reverse in high-latitude coastal cities (Suomi and Käyhkö 
2012). However, higher number of inhabitants in urban areas might partly explain 
why tick observations were also related to urban areas. Most of the ticks were 
collected from humans and their companion animals and not from their natural 
habitats. The collection method, such as cloth dragging and collection from pets, can 
further affect the proportion of different tick species detected (Bugmyrin et al. 2013), 
reflecting differences in host contact patterns and questing behaviour. Moreover, 
species-specific differences in tick activity together with human activity might affect 
the observed differences in tick occurrence. For example, the coincidence of the 
second activity peak of I. ricinus in July with the popular holiday season in Finland 
might affect the higher number of I. ricinus observations around Lake Finland. 

In 2015, I. persulcatus was not yet established on the southern coast of Finland. 
The southern distribution limit of I. persulcatus observed in our study was notably 
sharp, and some of the areas where we received the highest numbers of I. persulcatus 
samples were right at the distribution boundary (Figure 5). At the time, the absence 
of I. persulcatus in southern Finland was also observed by studies conducted with 
cloth dragging (Sormunen, Andersson, et al. 2020; Sormunen, Penttinen, Klemola, 
Hänninen, et al. 2016). No prominent landform feature corresponds to the observed 
distribution boundary, and no obvious distribution barrier for I. persulcatus exists. 
The most plausible environmental explanation for the distribution boundary would 
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be climatic differences or more subtle environmental factors. However, the 
southernmost distribution limit of I. persulcatus in Finland is probably affected more 
by the distribution history of the species than by environmental factors, since 
I. persulcatus is well established in certain regions of corresponding latitudes in 
Russian Karelia (Bugmyrin et al. 2013; Jääskeläinen et al. 2010) and even further 
south in Estonia and Latvia (Capligina et al. 2020; Katargina et al. 2015). Moreover, 
using the same crowdsourced tick data, Kulha et al. (2022) predicted high relative 
habitat suitability for I. persulcatus in certain areas in southern Finland, where it did 
not yet have established populations in 2015 (I). The same study suggested that the 
recent establishment and ongoing dispersion of I. persulcatus in Fennoscandia is the 
main cause for the southernmost distribution limit of the two Ixodes species in 
Finland. Shortly after Study I, I. persulcatus ticks were detected in Helsinki (Zakham 
et al. 2021), but these specimens were collected from pets and therefore raise doubts 
as to whether they originate from a locally established population in the south. Some 
I. persulcatus samples from dogs were reported as having been collected in Helsinki 
in our study as well, but background research suggested they originated from 
elsewhere. 

Regarding the expansion of I. ricinus and I. persulcatus geographical 
distribution, both tick species rely on host animals. In the long-distance dispersal of 
ticks, migrating birds are among the most important ones (Buczek et al. 2020; 
Hornok et al. 2020; Tardy et al. 2023). During the northward migration occurring in 
spring in Finland, birds could acquire I. persulcatus from Estonia and Latvia 
(Capligina et al. 2020; Katargina et al. 2015). On the other hand, I. persulcatus could 
be distributed southwards and westwards during the autumn migration. However, as 
I. persulcatus populations in Finland are no longer active during autumnal migration 
period, it is unlikely that migrations have any major role in distributing I. persulcatus 
to south or southwest. Moreover, although birds are known as important hosts for 
I. persulcatus as well, in a recent survey, no I. persulcatus were detected on 
migrating birds in Finland (Sormunen et al. 2022). Thus, the short activity period of 
I. persulcatus, as well as the mobility of available hosts, might have a role in limiting 
I. persulcatus distributional range in Finland. 

Competition through hybridization of I. ricinus and I. persulcatus could be one 
of the underlying reasons for the absence or the domination of one species in certain 
areas, by converting a substantial portion of the arriving population of the competing 
species into hybrids (Todesco et al. 2016). Thus, it may be difficult for I. persulcatus 
to gain ground in locations where I. ricinus is already well established. For example, 
in southern Finland, a small number of arriving I. persulcatus individuals could be 
hybridized to local extinction, since I. ricinus is abundant there. It has long been 
thought that interbreeding between I. ricinus and I. persulcatus results in sterile 
offspring (Balashov et al. 1998), a notion recently supported by laboratory findings 



Discussion 

 51 

demonstrating that hybrids of the two species are sterile (Belova et al. 2023). 
However, suggested I. ricinus and I. persulcatus backcrosses have also been detected 
(Alale et al. 2024; Kovalev et al. 2016). Hybrids formed by mating between an 
I. ricinus female and an I. persulcatus male occur more commonly than vice versa 
(Kovalev et al. 2016), which might actually support the domination of established 
I. persulcatus populations in some areas. In the case of hybridization asymmetry, if 
the less common species is more likely to serve as the mother of hybrid progeny, the 
risk of extinction is higher for this species (Todesco et al. 2016). The backcrosses of 
I. ricinus and I. persulcatus hybrids are suggested to mate more often with I. ricinus 
(Kovalev et al. 2016). Hybridization between I. ricinus and I. persulcatus in their 
sympatric zones in Estonia is a more common phenomenon than previously thought, 
with the detected frequency of interspecific hybrids up to 11% (Kovalev et al. 2016). 
In a study conducted in Finland, around 5 % of the studied ticks (9/172 individuals 
from crowdsourced tick material, I) were identified as putative hybrids, with 
genomic admixture ranging from approximately 24% to 76%, suggesting that not all 
were first-generation hybrids with allele frequencies close to the Mendelian 50:50 
proportion (Alale et al. 2024). Most of the hybrids analysed in their study were 
suggested as first-generation hybrids, though the possibility of backcrossing was 
indicated in one case. In Estonia, among ticks morphologically identified as 
I. ricinus, 24.6% were actually interspecific hybrids and 3.3% were I. persulcatus, 
while the accuracy of morphological species identification was over 99% for 
I. persulcatus (Kovalev et al. 2016). This underlines the possibility of 
misidentification when relying solely on morphological characteristics, especially in 
areas where both species occur.  

4.3 Presence and distribution of TBPs in Finland 
(I, II) 

More than one-fourth of studied ticks were infected with at least one pathogen. Of 
the total nine studied pathogen groups, Studies I and II found seven pathogen groups 
and twelve pathogen species altogether from Finnish ticks, many of which are 
capable of infecting humans and companion animals and some regarded as new 
emerging tick-borne pathogens. Diversity of different TBPs was higher in I. ricinus 
(seven pathogen groups) than I. persulcatus (five pathogen groups). A higher 
diversity of tick-borne pathogens in I. ricinus has also been observed in previous 
studies (Movila et al. 2014). Most of the studied pathogens were also more prevalent 
in I. ricinus than in I. persulcatus samples, with the exception of the two most 
important TBPs in Finland, Bbsl and TBEV. Higher infection rates of Bbsl and 
TBEV have been reported in I. persulcatus (Geller, Nazarova, Katargina, and 
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Golovljova 2013; Katargina et al. 2013) and it has been suggested that I. persulcatus 
is more efficient vector for Bbsl and TBEV than I. ricinus (Korenberg et al. 2001).   

Species of Bbsl, Rickettsia, B. miyamotoi, and TBEV were all detected north of 
65°N, whereas Anaplasma spp. Neoehrlichia mikurensis and Babesia spp. were 
detected only south of 65°N, possibly due to the lower abundance of I. ricinus at 
higher latitudes. There was no direct correlation between tick infection prevalence 
and latitude, since the highest prevalence of infected ticks were found in the area 
below 61°N and in the area between 65°N and 66°N. A decreasing trend in infection 
prevalence towards the higher latitudes was observed only for Rickettsia spp., though 
differences across collection areas were not significant. Local environmental 
conditions may have a bigger influence on pathogen diversity and prevalence than 
latitude alone, although temperature and the duration of the activity season are 
important factors determining the distributional limits for ticks and TBPs (Coipan et 
al. 2013; Estrada-Peña et al. 2012; Ogden et al. 2021). According to previous 
observations, pathogen prevalence is also expected to correlate with the density of 
questing ticks, especially nymphs (Ogden 2013; Randolph 2001; Tälleklint and 
Jaenson 1996). Moreover, tick life stage, sex, and the season of tick collection may 
have an influence on the observed pathogen prevalences. In our dataset, 85% of the 
I. persulcatus samples were collected by the end of May, while 85% of the I. ricinus 
samples were not collected until the end of July. Around 95% of analysed ticks in 
our pathogen analyses were adults and less than one third were males. The 
assumption that in the zone of sympatry, the pathogen prevalence in one vector 
species would either increase or decrease by the influence of other closely related 
species, was not supported. This assumption was abandoned by previous study 
(Korenberg et al. 2001) as well, when they concluded that in the broad zone of 
I. persulcatus and I. ricinus sympatry, the presence and proportion of one species do 
not have any significant influence on the extensity of infection in the other species. 
In Study II, the highest infection rates were observed in areas dominated by one 
species, in south for I. ricinus and in north for I. persulcatus, while pathogen 
prevalence was lower for both species in the zone of their sympatry in middle 
Finland, indicating that environmental factors might explain the lower prevalence in 
sympatric region. Moreover, when all analysed ticks were considered, southern 
Finland showed the highest infection rate, but infection rates did not differ between 
central and northern Finland. It remains uncertain whether the higher prevalence in 
southern Finland is related to I. ricinus dominance and its higher overall prevalence 
of various TBPs, or to environmental factors.  

Almost 2% of ticks were found to be co-infected in Study II. Since the diversity 
of different pathogen groups was higher in I. ricinus than I. persulcatus, it was not 
surprising that I. ricinus were more frequently co-infected (2.4% vs. 0.8%, 
respectively) as well. However, these numbers did not include B. miyamotoi and 
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TBEV, which were only analysed in Study I and were mainly found from 
I. persulcatus. Thus, the total diversity of different pathogen infection combinations 
was 6 in I. ricinus and 3 in I. persulcatus (B. miyamotoi and TBEV included). In 
Study II, when investigating co-infections among infected adult ticks only, there 
were no significant differences between species or the three collection areas. Most 
of the co-infections were between the two most prevalent pathogen groups, Bbsl and 
Rickettsia spp. pathogens. However, in Study I, eight I. persulcatus ticks were co-
infected with TBEV and Bbsl and two I. persulcatus ticks were co-infected with Bbsl 
and B. miyamotoi. Thus, co-infection prevalence was as high as 25% among TBEV-
positive samples and 33% among B. miyamotoi -positive samples. Moreover, in 
Study II, A particularly high number of co-infections were observed in positive 
N. mikurensis samples (6/17), all with Bbsl, and the only genospecies identified 
among these co-infections was B. afzelii. Among nymphs, three of four positive 
N. mikurensis samples were also co-infected with B. afzelii. Higher prevalence in 
nymphs and co-occurrence between these pathogens have been observed in other 
studies as well, due to shared reservoir hosts, mainly small rodents (Andersson et al. 
2013; Kjelland et al. 2018; Klemola et al. 2019). Co-infections may have a 
significant clinical significance, since co-infections of multiple pathogens may cause 
unpredictable or more severe diseases in humans (Diuk-Wasser et al. 2016; Swanson 
et al. 2006). For example, a rare fatal case of babesiosis in Finland has been reported 
from a co-infected man (Haapasalo et al. 2010).  

4.3.1 Bbsl in Finnish ticks (I, II) 
The most prevalent pathogen group detected was Bbsl (17%), the causative agent of 
LB, the most prevalent tick-borne disease in Finland. The observed prevalence of 
Bbsl in Finland corresponds with the average prevalence observed in Europe (Strnad 
et al. 2017), although prevalence estimates may vary greatly among years and areas. 
In studies conducted in Finland, tick infection rates have most often varied between 
5-30% (Mäkinen et al. 2003; Sormunen, Penttinen, Klemola, Hänninen, et al. 2016), 
although prevalences up to around 50% in I. ricinus (Junttila et al. 1999; Klemola et 
al. 2019; Sormunen, Andersson, et al. 2020) and around 60% in I. persulcatus have 
also been reported (Pakanen et al. 2020). In our tick data, the shipment ID as a 
clustering factor was found to influence Bbsl prevalence, indicating that positive 
samples were often associated with the same collection area. 

The most northern Bbsl-positive samples were detected beyond the latitude of 
65°N. Bbsl have dispersed to higher latitudes along with ticks and host animals 
during the last decades (Simon et al. 2014). However, like with the most of the other 
TBPs, the prevalence of Bbsl infected ticks did not correlate directly with latitude 
(II). Beside local environmental conditions, variety and density of host animals are 
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the primary factors determining the occurrence of Bbsl in nature. As both tick species 
are capable of using a wide range of different host animals and each host species has 
a different reservoir competence for Bbsl, the presence of different hosts affects the 
infection prevalences observed in ticks. Cervids, such as white-tailed deer 
(Odocoileus virginianus), are considered reservoir incompetent hosts for Bbsl, as 
they are generally incapable of sustaining Bbsl infections, do not transmit the 
pathogen to feeding ticks and the serum of white-tailed deer has also been 
demonstrated to kill B. burgdorferi s.s. bacteria (Luttrell et al. 1994; Pearson et al. 
2023; Telford et al. 1988). Non-reservoir hosts can dilute the pathogen infection rates 
in ticks if their presence reduces the likelihood of ticks encountering reservoir hosts 
(Kurtenbach et al. 2006; Norman et al. 1999; Tälleklint and Jaenson 1996). However, 
large non-reservoir hosts are significant for Bbsl and other TBP dynamics, by 
amplifying tick populations and thereby allowing pathogens to persist or by 
enhancing pathogen reproduction due to increased larval and nymphal feedings on 
additional reservoir hosts. The simultaneous presence of high densities of deer and 
reservoir competent small mammals can create conditions that result in exceptionally 
high nymphal tick densities and infection prevalence (O’Neill et al. 2023). Although 
the crowdsourced material included samples from all over Finland, sample 
collections concentrated around more densely populated areas. Therefore, we did not 
regard tick density in our analyses. Moreover, the actual site where the infected tick 
was questing cannot be determined with certainty from crowdsourced material. 
However, studying Bbsl prevalence in crowdsourced material is meaningful from a 
public health perspective, as it provides insight into the overall risk of humans 
encountering Bbsl-infected ticks in Finland. 

In Studies I and II, the Bbsl prevalence in ticks was higher in adults (17.1% and 
17.3%, respectively) than in nymphs (14.3% and 13.4%, respectively), which is seen 
in other studies as well (Rauter and Hartung 2005; Strnad et al. 2017). Higher 
prevalence in adults is expected, as adults have fed more often on potentially infected 
host animals during their life. The youngest of tick life stages, larva, presumably 
hatches uninfected with Bbsl (Rollend, Fish, and Childs 2013). However, in our 
analyses, one I. ricinus larva carried B. garinii, which might have resulted from 
interrupted feeding for example.  

The Bbsl prevalence for adult ticks was higher in I. persulcatus than in I. ricinus, 
even in the sympatric area in middle Finland (17.2 and 12.4%, respectively) (II). A 
higher prevalence of Bbsl in I. persulcatus than in I. ricinus has also been observed 
in previous studies conducted in sympatric regions (Alekseev et al. 1998; Geller, 
Nazarova, Katargina, and Golovljova 2013; Korenberg 1994; Kovalevskii and 
Korenberg 1995). One reason for higher observed Bbsl prevalence in I. persulcatus 
may be that I. persulcatus nymphs rarely feed on larger hosts that are not reservoir 
hosts for Bbsl, while I. ricinus nymphs commonly feed on larger animals as well, 



Discussion 

 55 

such as humans, acting as the most common source for humans to acquire LB 
(Estrada-Peña et al. 2023, 2018). The exact reasons for the different prevalences 
observed among tick species are unknown, but likely involve timing of their activity, 
differences in the habitats they occupy, the variety of host animals present in those 
habitats, species-specific host preferences, and fluctuations in host abundance.  

In Study I, Bbsl prevalence did not differ significantly between adult female and 
male ticks. Across Europe, adult I. ricinus females generally show higher Bbsl 
prevalences than males (Strnad et al. 2017). This has been suggested to result from 
the longer feeding duration and larger blood meals of females, already at the 
nymphal stage (Dusbábek 1996; Hu and Rowley 2000). Ticks usually acquire Bbsl 
during their juvenile life stages when feeding on competent Bbsl reservoir hosts. 
Although females have an opportunity to acquire Bbsl during their third blood meal 
as well, especially given the long feeding duration, most of the engorged females 
collected in the crowdsourcing campaign had fed on Bbsl-incompetent hosts, such 
as humans and dogs. Therefore, the possible third blood meal of females is unlikely 
to increase Bbsl prevalence among females in our data.  

The most prevalent Bbsl genospecies detected in Finnish ticks were B. garinii 
and B. afzelii, two genospecies known to commonly infect people. In Europe, 
B. garinii is the main cause of LNB, while B. afzelii is most often associated with 
skin manifestations (Jahfari et al. 2017; Strle et al. 2006). In contrast to many 
European countries (Strnad et al. 2017), B. garinii was the most prevalent 
genospecies in both ticks in Finland, particularly in I. persulcatus (62.6%). Previous 
studies have also suggested an association between different Bbsl genospecies and 
tick species (Movila et al. 2014; Rudenko et al. 2011). The reason for the higher 
prevalence of B. garinii in Finland could be related to variety of available host 
species and the temporal variations in their abundance. Borrelia garinii is known to 
prefer migratory birds like Turdus spp. as their reservoir hosts (Dubska et al. 2009; 
Gryczyńska and Welc-Falęciak 2016; Taragelova et al. 2008), while small rodents 
are known as the main hosts for B. afzelii (Hanincova et al. 2003). Since the seasonal 
activity patterns for I. ricinus and I. persulcatus differ (Gray 2008; Korenberg 2000; 
Sirotkin and Korenberg 2018; Sormunen, Andersson, et al. 2020; Uspensky 2016) 
and the activity peak of I. persulcatus in Finland coincides with the spring migration 
of Turdus and several other potential B. garinii infected bird species (Dubska et al. 
2009), this overlap could influence the higher observed prevalence of B. garinii in 
I. persulcatus ticks. In contrast, B. afzelii was observed relatively more often in 
I. ricinus than in I. persulcatus, which is observed also in previous studies (Movila 
et al. 2014). Another reason for the higher proportion of B. garinii infected ticks 
observed in our study could be the relatively low number of nymphs. Field studies 
typically collect more juvenile life stages than crowdsourcing methods, and juvenile 
ticks, especially larvae, primarily feed on small mammals, which are known to be 
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key reservoir hosts for B. afzelii (Hanincova et al. 2003). Indeed, B. afzelii was the 
only genospecies identified from the Bbsl-positive nymphs in Study II. However, a 
study conducted in north-western Finland found that B. afzelii was the predominant 
genospecies among both nymphal and adult stages of I. persulcatus (Pakanen et al. 
2020). Nevertheless, these two Borrelia pathogens are the most prevalent 
genospecies among Finnish ticks, although the prevalences may change temporally 
and spatially due to differences in environmental conditions and host populations. 

Other detected genospecies were B. valaisiana and B. burgdorferi s.s.. Whereas 
the evidence of human pathogenity of B. valaisiana is limited (Margos et al. 2017), 
B. burgdorferi s.s. is the only genospecies that causes LB in USA, with a wide variety 
of clinical conditions (Rudenko et al. 2011). Borrelia valaisiana was detected in 
6.4% of the Bbsl-positive ticks, which is in accordance with the findings in the 
neighboring countries (Fraenkel et al. 2002; Geller, Nazarova, Katargina, and 
Golovljova 2013; Jenkins et al. 2012). Although this bird associated pathogen is not 
commonly detected in I. persulcatus, B. valaisiana can also be found in 
I. persulcatus in the sympatric areas of the two ticks (Alekseev et al. 2001; Geller, 
Nazarova, Katargina, and Golovljova 2013). Borrelia valaisiana prevalence among 
Bbsl-positive I. persulcatus ticks (2.5%) was similar to the prevalence observed in 
Estonia (Geller, Nazarova, Katargina, and Golovljova 2013). Borrelia burgdorferi 
s.s. was detected from 3.3% of the Bbsl-positive ticks, which, in contrast, is a rodent 
associated pathogen. Borrelia burgdorferi s.s. was not detected in I. persulcatus, 
even though it has previously been found in I. persulcatus in western coast around 
the city of Kokkola (Alekseev et al. 2007). Borrelia burgdorferi s.s. has previously 
been found in I. ricinus samples from Kokkola and from southern Finland 
(Sormunen, Andersson, et al. 2020; Sormunen, Klemola, et al. 2016), where 
B. burgdorferi s.s.-positive I. ricinus samples were found in our study as well. 

Out of the Bbsl-positive samples (n = 590), only 394 (67%) were identified 
further to genospecies level. The rest of the sequence results were of poor quality, 
which could have resulted from impurities in the DNA samples. Many of the 
crowdsourced tick samples were engorged females, and the presence of a tick’s 
blood meal may have an impact on the PCR results (Dharmarajan and Rhodes 2011). 
Moreover, we did not examine co-infections at species level, so double infections 
among different genospecies, e.g. B. afzelii and B. garinii were not considered. In 
Finland, coinfection rate of 26% among Bbsl infected adult I. persulcatus ticks have 
been observed (Pakanen et al. 2020). Unidentified Bbsl-positive samples might also 
include some new genospecies that were missed in our analyses. Borrelia 
bavariensis, for example, is a close relative to B. garinii (Becker et al. 2020). In 
addition to the genospecies identified in Study II, only B. spielmanii has previously 
been reported in Finnish ticks (Wilhelmsson et al. 2013). 
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4.3.2 Other tick-borne pathogens (TBPs) in Finnish ticks 
(I, II) 

The most prevalent pathogen after Bbsl was Rickettsia spp., with a slightly higher 
prevalence (10.8%) than in the neighboring country, Estonia (5.1%) (Katargina et al. 
2015). As with Bbsl, there seem to be great variation in Rickettsia prevalences among 
ticks across different areas (Hartelt et al. 2004; Lindblom et al. 2016; May and Strube 
2014; Severinsson et al. 2010). In Finland, I. ricinus was found twice more often 
positive for Rickettsial DNA (13.9%) than I. persulcatus (6.5%). Almost all of the 
Rickettsia-positive samples among I. ricinus were identified as R. helvetica (99%, 
199/201) and the prevalence of R. helvetica was over four times higher in I. ricinus 
than in I. persulcatus, even though R. helvetica did not have a significant difference 
in infection prevalence between the collection areas. Ixodes ricinus is regarded as 
the main vector of R. helvetica. Although Rickettsia species have also been detected 
in I. persulcatus ticks, their prevalence have been lower compared to I. ricinus (in 
Estonia: 1.7% vs. 6.7%, respectively) (Katargina et al. 2015). Rickettsia prevalence 
was 11.1% in adults and 5.6% in nymphs. Transovarial transmission of some 
Rickettsia species has been demonstrated (Hauck et al. 2020; Ravindran et al. 2023), 
but there were no infected larvae in our analyses. Study II reported the first detection 
of Ca. R. tarasevichae in Finland and in I. ricinus as well. Ca. R. tarasevichae has a 
wide distribution, from Japan to Estonia, where the first detection of this pathogen 
was made in 2015 from I. persulcatus (Katargina et al. 2015). In contrast to 
R. helvetica, Ca. R. tarasevichae was detected almost exclusively in I. persulcatus 
(18/19 positive samples). Interestingly, the one positive I. ricinus sample was from 
the southern coast of Finland, where I. persulcatus had not yet been detected. The 
most western limit of Ca. R. tarasevichae currently lies in Finland and Estonia. Three 
Rickettsia-positive samples were identified as R. monacensis, and it was found from 
both tick species. Prior northernmost finding of R. monacensis in Europe were from 
Estonia (Katargina et al. 2015) and in 2016 it was reported from Finnish archipelago 
(Sormunen, Klemola, et al. 2016; Sormunen, Penttinen, Klemola, Hänninen, et al. 
2016). Patient cases suggest that R. helvetica, Ca. R. tarasevichae and R. monacensis 
are all capable of human infection (Jado et al. 2007; Jia et al. 2013; Påhlson et al. 
2021; Parola et al. 2013; Parola, Paddock, et al. 2005). Still, no patient cases of tick-
borne rickettsiosis have been reported from Finland to date. 

Anaplasma spp. was the most abundant pathogen of the family Anaplasmataceae 
and the only species identified was A. phagocytophilum. Observed prevalences of 
A. phagocytophilum in Europe have varied greatly among countries, study localities 
and tick life stages (Dumler et al. 2005; Henningsson, Hvidsten, et al. 2015; 
Severinsson et al. 2010; Strle 2004; Stuen 2007). In Sweden, higher prevalences of 
A. phagocytophilum have been reported in coastal areas (Severinsson et al. 2010). 
The previous observed prevalence in questing I. ricinus in southwestern Finland was 
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3.5% (9.2% for adults) (Sormunen, Penttinen, Klemola, Vesterinen, et al. 2016), 
which was higher than the overall prevalence in Finland observed in Study II (0.6%). 
The prevalence of Anaplasma spp. in Study II was higher in I. ricinus than in 
I. persulcatus (1.0% vs. 0.1%, respectively), and neither of the two positive samples 
observed in I. persulcatus could be identified to species level by sequencing. In 
Finland, Anaplasmosis (HGA) have not yet been reported from humans. The first 
case report of Anaplasmosis in a domestic cat with previous tick exposure was made 
in 2008 from southeastern Finland (Heikkilä et al. 2010). 

Another human pathogen from the family Anaplasmataceae, N. mikurensis, was 
detected in 2015 for the first time in Finland in the southwestern archipelago 
(Sormunen et al. 2018), and Study II detected this pathogen for the first time from 
Finnish mainland. The overall prevalence of N. mikurensis was 0.5% and it was only 
detected in I. ricinus. It seems that I. persulcatus is less likely to carry N. mikurensis, 
although the pathogen has been found from I. persulcatus also in areas where 
I. ricinus is not present (Ivanova et al. 2017; Rar et al. 2010; Rar and Golovljova 
2011). In Estonia, prevalences range from 1 to 9.1%, and is not reported from 
I. persulcatus (Ivanova et al. 2017). The prevalence of N. mikurensis in juvenile life 
stages was higher than in adults (2.2% vs 0.4%, respectively). Moreover, three of the 
four N. mikurensis -positive nymphs were collected from the same location, and 
positive samples were therefore strongly correlated. Studies suggest that while 
infections with N. mikurensis or A. phagocytophilum are usually mild or 
asymptomatic, they may also cause more severe or even fatal infections, especially 
in immunocompromised patients (Grankvist et al. 2014; Henningsson, Wilhelmsson, 
et al. 2015; Wang et al. 2020). Since N. mikurensis has a tendency for co-occurrence 
with Bbsl, abnormal or more severe symptoms might also be expected to occur 
(Swanson et al. 2006). First case of neoehrlichiosis in Finland was reported in 2024 
in an immunosuppressed patient, and the infection was most likely originated from 
southwestern archipelago and transmitted by a tick (Hohenthal et al. 2025). 

Previous studies about Babesia spp. prevalence in Finnish ticks are scarce, 
although B. divergens is a well-known agent for bovine babesiosis (Zintl et al. 2003). 
Study II found that Babesia spp. is a rare pathogen in Finnish ticks (0.3%) and the 
prevalence in I. ricinus (0.5%) corresponds to results reported from neighboring 
countries (Karlsson and Andersson 2016; Katargina et al. 2011; Rar et al. 2011). 
Babesia divergens and B. venatorum were reported for the first time from the Finnish 
mainland and B. venatorum was the most prevalent species. Babesia venatorum has 
been involved in several documented cases of human babesiosis (Hunfeld, 
Hildebrandt, and Gray 2008; Jiang et al. 2015), although B. divergens is the most 
common cause of zoonotic babesiosis in Europe (Gray et al. 2010). Overall, cases of 
human babesiosis are uncommon in Europe (Hildebrandt et al. 2021). In Finland, a 
single case of fatal babesiosis in 2004 was caused by B. divergens and believed to 
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be transmitted by a tick bite (Haapasalo et al. 2010). Moreover, the patient was co-
infected with B. divergens and Borrelia sp., and reports suggest that co-infection 
with these pathogens may cause more severe disease with additional symptoms 
(Krause et al. 1996, 2002). In Study II, Babesia divergens was detected in two 
samples. However, B. divergens and B. capreoli are genetically very similar, and 
since one of the positive samples were only 99% identical to the reference sequence 
U16370 (Malandrin et al. 2010), we cannot be entirely sure whether this is truly 
B. divergens or B. capreoli. Babesia capreoli was reported first time in Finnish 
I. ricinus ticks from Helsinki in 2020 (Sormunen, Kulha et al. 2020). Babesia microti 
was not detected, even though it is known to commonly infect rodents in Finland 
(Kallio et al. 2014) and had previously been found in I. persulcatus tick in western 
coast of Finland (Alekseev et al. 2007). In United States, it is the main causative 
agent for human babesiosis (Gray et al. 2010). The absence of B. microti in our study 
is likely due to low prevalence in Finnish ticks. In Sweden, however, B. microti is 
the most common Babesia species detected in I. ricinus (Karlsson and Andersson 
2016). 

In Study I, B. miyamotoi was detected for the first time in ticks from mainland 
of Finland and from both species. The first detection of the pathogen in Finland was 
made in Åland Islands in 2008–2009 (Wilhelmsson et al. 2013). Borrelia miyamotoi 
has also been found from southwestern archipelago since 2012, where it has been 
detected from larvae as well (Sormunen, Klemola, et al. 2016; Sormunen, Penttinen, 
Klemola, Hänninen, et al. 2016). In Study I, B. miyamotoi was found in 6 out of 2038 
(0.3%) ticks, which is approximately in accordance with the results of studies 
conducted in neighboring countries (Geller et al. 2012; Wilhelmsson et al. 2010). 
Even if the reported prevalences for B. miyamotoi have generally been low, higher 
prevalences have also been observed (Crowder et al. 2014; Kubiak, Szczotko, and 
Dmitryjuk 2021; Platonov et al. 2011). 

Occurrence of TBEV, the causing agent of TBE, the second most important tick-
borne disease in Finland after LB, was analysed in Study I. The overall prevalence 
in Finnish ticks was 1.6%. In general, the prevalence of TBEV in ticks is relatively 
low, between 0.1–5% (Pettersson et al. 2014; Süss 2003). Moreover, since the 
transmission cycle of TBEV is fragile, several factors, such as microclimatic 
conditions and host availability, affect its survival in nature (Randolph and Rogers 
2000; Uusitalo et al. 2020), and thus the occurrence of TBEV is highly patchy, and 
annual prevalence of TBEV in ticks even in one site can vary remarkably (Bormane 
et al. 2004). This was also observed in Study I, with TBEV-positive samples 
aggregating in distinct clusters, and some were from the same collectors and 
collection sites. Interestingly, none of the ticks from the southern and southwestern 
coasts of Finland tested positive for TBEV, despite these regions reporting the 
majority of human TBE cases. This may be related to the clustered nature of TBEV 
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distribution and its low expected prevalence in nature. In addition, TBEV can occur 
at low concentrations in ticks, but may replicate during blood feeding and thus 
become detectable in engorged ticks (Belova et al. 2012). Nevertheless, human cases 
are relatively rare and focal as well (Lamsal et al. 2023). Ticks can acquire TBEV 
by feeding on viremic hosts, like rodents or birds (Achazi et al. 2011; Kazarina et al. 
2015; Waldenström et al. 2007), through transovarial and sexual transmission 
(Chitimia-Dobler 2024), or through co-feeding transmission, which is proven to be 
one of the major pathways for the transmission and maintenance of TBEV in foci 
(Randolph 2011; Randolph et al. 2000). Co-feeding of nymphs and larva has been 
associated with spring temperatures in northern Europe, as warmer springs allow 
larvae to become active earlier, resulting in simultaneous questing alongside nymphs 
(Jaenson, Hjertqvist, et al. 2012). In Study I, all but one of the TBEV-positive ticks 
were adults, probably due to the relatively small number of analysed nymphs. 
However, adult female ticks typically show a higher infection prevalence than 
nymphs (Süss et al. 1999). Moreover, a higher TBEV prevalence was observed in 
I. persulcatus (1.6%) than in I. ricinus (0.2%), which has also been found in previous 
studies, even though prevalences vary annually (Bormane et al. 2004; Capligina et 
al. 2020). In Finland, subtypes of Eur-TBEV and Sib-TBEV are endemic, of which 
Eur-TBEV is mainly transmitted by I. ricinus, while Sib-TBEV is often transmitted 
by I. persulcatus, although both virus subtypes have been found in both Ixodes ticks 
in Finland (Jääskeläinen et al. 2016). In addition to previously known endemic areas 
in Finland, several TBEV-positive ticks were received from Tampere region, where 
only sporadic TBE cases had been reported, suggesting a new endemic focus there. 
Indeed, today Tampere is considered a risk area for acquiring TBE. For several years, 
new foci of TBEV have appeared annually in Finland (Jääskeläinen et al. 2016; 
Smura et al. 2019; Tonteri et al. 2015). It is suggested that TBEV introduction into 
new areas likely occurs via migratory birds, followed by local spread (Geller, 
Nazarova, Katargina, Leivits, et al. 2013; Kazarina et al. 2015; Waldenström et al. 
2007). 

Neither Bartonella spp. nor Francisella tularensis were found in Study II, 
although some species of Bartonella have been reported from mammals and 
arthropod vectors, like fleas and deer keds, also in Finland (Korhonen et al. 2015; 
Veikkolainen et al. 2014). Bartonella have been reported in one I. persulcatus tick 
in Estonia (Movila et al. 2014), while the prevalence in questing I. ricinus ticks in 
Europe has been much higher (over 30% in nymphs) (Dietrich et al. 2010). However, 
the relevance of ticks as Bartonella vectors to humans remains unverified (Telford 
and Wormser 2010). In addition, the role of Ixodes ticks in the transmission of 
F. tularensis in northern Europe is still unclear, even if Ixodes ticks are important 
vectors of F. tularensis in North America and Central Europe (Keim, Johansson, and 
Wagner 2007; Maurin and Gyuranecz 2016). In Finland and Sweden, infection of 
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F. tularensis most likely occurs through mosquito bites (Eliasson et al. 2002; 
Rossow et al. 2014; Ryden et al. 2012; Thelaus et al. 2014) and, as shown by both 
Study II and the more recent investigation by Sormunen et al. (2021), F. tularensis 
does not appear to be circulating in Finnish ticks.  

4.4 Decreased Bbsl seroprevalence in Finland (III) 
A significant decreasing trend in Bbsl seroprevalence in Finnish population was 
observed during a 50-year period. The study period lasted from the time before the 
identification of Bbsl as the pathogen causing LB until the present day, when LB is 
a widely recognised disease and can be diagnosed using targeted methods and treated 
effectively with antibiotics. Bbsl seroprevalence in Finland at the turn of the 1970s 
was 25.0%, and since then, the seroprevalence has decreased considerably being 
16.6% in 1980, 7.4% in 2000 and 3.4% in 2017. 

LB incidence rates have been increasing drastically in several European 
countries, Finland included, and it is the most common tick-borne disease in the 
northern hemisphere (Marques et al. 2021; Sajanti et al. 2017). This change probably 
reflects the increased abundance and expanded geographic distribution of ticks, and 
increased awareness of LB. In contrast to our findings, some studies suggest an 
increase in Bbsl seroprevalence during the last decades as well (Dong et al. 2022; 
Hoeve-Bakker et al. 2024). Our results are not entirely exceptional however, since 
another notable decreasing trend in Bbsl seroprevalence in general population has 
been observed in Czech Republic between 1978–1989 and 2001 (Kříž et al. 2018). 
In addition, a study from Germany found no substantial change in seroprevalence 
among children and adolescents from 2003 to 2017 (Böhm et al. 2023). Nevertheless, 
there is a great variation in LB infection rates and Bbsl seroprevalence estimates 
across countries, regions and specific population groups (Burn et al. 2023; Dong et 
al. 2022; Hart et al. 2025), and there are only few studies on nationally representative 
seroprevalence estimates on general population over time. Moreover, the 
heterogeneity in the research setups, methods and surveillance systems imposes 
limitations on comparisons among different studies. Our own results underline the 
influence of serological methodology, since our seroprevalence estimate for the 
1970s data (25%) differed somewhat from the previous estimate for the same data 
(20%) using different serological method (Cuellar et al. 2020).  

After the recognition of Bbsl as the cause of LB in 1975, regular antibiotic 
treatments began in the 1980s in Europe (Stanek and Strle 2022). Even though 
antibodies can remain elevated for years after infection, despite successful treatment 
(Kalish et al. 2001), the concentration of antibodies declines after antibiotic 
treatment (Marangoni et al. 2006; Pietikäinen et al. 2022). In Study III, the 
concentrations of IgG antibodies in the positive samples were highest among the 
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samples from 1970 and decreased towards the latest study years. This finding may 
indicate that, 50 years ago, people experienced ongoing disseminated LB more 
frequently, as IgG antibodies against the p18 protein are associated with late 
disseminated LB (Dessau et al. 2018), or that repeated exposure to Bbsl has resulted 
in a stronger immune response. The vast majority (73.8%) of our seropositive 
samples had the IgG antibody level elevated against the p18 of B. afzelii, although 
B. garinii is the most prevalent Bbsl genospecies in Finnish I. ricinus and 
I. persulcatus ticks (II). 

The increased awareness among healthcare providers and the general population 
as well as the use of antibiotics as an effective treatment method could be the main 
reasons for the observed decrease in Bbsl seroprevalence. While the increase in 
reported acute LB infections might partly reflect a decrease in the number of people 
testing positive for past infections or developing late disseminated LB after the 
1990s, the breakthrough in LB diagnostics and treatment in the 1980s and 90s does 
not explain the significant decrease in seroprevalence between the 1970 and 1980, a 
period when antibiotics were not yet in regular use. However, increasing concern 
about Kumlinge disease (tick-borne encephalitis, TBE), which was first detected in 
Kumlinge in the Åland Islands in 1959 (Wahlberg et al. 2006), and therefore 
increasing awareness of tick-related risks, might have a role in the decreasing trend 
in Bbsl seroprevalence in Finland already in the 1970s and 1980s. Another 
underlying cause for decreasing seroprevalence could be Finland’s economic shift 
from the agrarian society to a more industrialised and service-based one (Eloranta 
and Ojala 2022). Fifty years ago, Finland was still largely relying on agriculture and 
forestry, and humans may have encountered ticks more often than in 2017. In 
addition, during the late 20th century, Finland experienced fast population migration 
to urban centres. Moreover, when the associations of work status and seropositivity 
were analysed among 1970s and 1980s participants, people working outdoors, e.g. 
in farming and forestry, had the highest probability of being seropositive and people 
working indoors had the lowest probability of being seropositive. European studies 
confirm that seroprevalence among risk-groups like hunters and forestry-workers 
can be very high compared to general population (Burn et al. 2023). Unfortunately, 
the influence of work-factor in 2000 and 2017 could not be studied, since work 
information of the participant was not available. Finally, it is possible that Borrelia 
prevalence among ticks may have been decreasing in some areas during the last 
decades, due to possible changes in host animal populations, thereby affecting the 
population's exposure risk to Borrelia. 
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4.4.1 Regional variation in Bbsl seropositivity (III) 
When we compared seroprevalence estimates across the five university hospital 
districts, we observed that the seroprevalence varied by location. The probability of 
being Bbsl-seropositive was higher among residents from southern (Helsinki 
district) or central and eastern Finland (Kuopio district) than from western (Turku 
and Tampere districts) and northern Finland (Oulu district). As expected, due to the 
lower abundance of ticks in the north, residents from northern Finland had also the 
lowest Bbsl seroprevalence rate. However, Oulu is the only district where 
seroprevalence may have even increased during the last decade, from 0.67% in 2000 
to 0.87% in 2011 (van Beek et al. 2018) and 2.0% in 2017. This could be related to 
the increasing tick abundance, especially I. persulcatus populations, in northern 
coastal areas around Kemi, Oulu and Kokkola (I, Pakanen et al. 2020). The low 
seroprevalence in western Finland (Turku district) is quite surprising, since 
southwest Finland has one of the highest tick densities, Bbsl prevalences among ticks 
and LB incidence rates in Finland (Klemola et al. 2019; Sajanti et al. 2017; 
Sormunen et al. 2020). On the other hand, the neighbouring district in south, 
Helsinki, had the highest Bbsl seroprevalence in Finland, and participants from 
Helsinki district had over three times higher probability of being seropositive than 
participants from Turku district (0.164 vs. 0.047, respectively). Observed differences 
might be caused by different levels of tick and LB awareness among laymen and 
physicians, since southwest Finland has long had one of the highest incidences of 
LB and TBE (Sajanti 2017; Wahlberg 2006). In addition, Finland has experienced 
rapid urbanization in recent decades (Eloranta and Ojala 2022), with many people 
having migrated from surrounding countryside to urban areas, especially to Helsinki, 
which may have influenced the exceptionally high seroprevalence rates seen in 
participants from Helsinki district in the 1970s and 1980s. Moreover, university 
hospital districts include participants not only from major university cities but also 
from surrounding areas with varying tick densities and LB incidences. Thus, Bbsl 
seroprevalence may vary substantially even within a university hospital district. In 
addition, participants may have acquired the Bbsl infection from summer cottages, 
or from other travels outside the university hospital district in question. Another 
interesting result was that the seroprevalence decreased considerably between 1980 
and 2000 especially in Helsinki (from 26.3% to only 8.2%), while at the same time, 
there was hardly any decrease in seroprevalence in another high prevalence district, 
Kuopio (19.2% vs. 18.8%). Again, increasing awareness in southern Finland, 
including capital Helsinki, might be the underlying cause for the most notable 
decreasing trend in seroprevalence there. 

From 1995 to 2014, the incidence of LB has increased most significantly in 
western, southern and southeastern Finland (Sajanti et al. 2017). At the same time, 
our Study III showed that Bbsl seroprevalence has decreased almost everywhere in 
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Finland from 1970 up until 2017, by which time the differences among the study 
areas had evened out, with seroprevalence ranging from 2% to 5% in all university 
hospital districts. Kuopio remains the district with the highest observed 
seroprevalence in Finland in 2017, even if the differences among study areas were 
not significant. A low number of tick-human encounters is unlikely to be the most 
plausible explanation for the low observed Bbsl seroprevalence in southwestern 
Finland, given the high prevalence of ticks and TBDs in southern cities (Klemola et 
al. 2019; Sormunen et al. 2025), the large number of ticks collected from southern 
coastal areas in 2015 (I) and the high incidence of LB cases (Sajanti et al. 2017). In 
contrast, the great public interest in the tick collection and the substantial number of 
ticks collected may exemplify the high awareness of the subject, not only along the 
southern coast but also elsewhere in Finland. From a general perspective, the Bbsl 
seroprevalence we observed in 2017 reflects the occurrence of vector ticks in 2015. 
(Figure 4). 

4.4.2 Other demographic factors associated with Bbsl 
seropositivity (III) 

In addition to the collection year and area of the sample, sex and age of the 
participants were significantly associated with Bbsl seropositivity. An age-
dependent increase in seroprevalence was observed, likely reflecting the cumulative 
exposure to Bbsl. Age-related seroprevalence has also been observed in other 
studies, with higher seroprevalence in older age groups as well as in children 
(Kugeler et al. 2022; Wilking and Stark 2014). In our study, however, we only had 
nine adolescents from the 1970s data and therefore did not specify children as their 
own group, instead, the youngest age group comprised individuals under 40 years, 
which should be considered a limitation of our study. Reasons for age-specific 
seroprevalence are unknown but may relate to behavioural differences, such as 
outdoor activities, healthcare-seeking behaviour, or the ability to notice and avoid 
ticks, as well as age-related immunological differences. Even though the 
concentration of antibodies has been shown to decline after antibiotic treatment 
(Marangoni et al. 2006; Pietikäinen et al. 2022), some antibodies may remain 
elevated for years after acute infection, even despite successful treatment (Kalish et 
al. 2001). Encounters with ticks and Bbsl accumulate with age (Dehnert et al. 2012), 
which most likely affects the observed higher seroprevalence in older people. 
Moreover, 50 years ago seroprevalence was particularly high among people who 
were at least 50 years old, whereas in later study years the seroprevalence peaked 
among people who were at least 70 years old. Reduced cumulative exposure to Bbsl 
may be related to increasing life expectancy, improving health among aging people, 
and the overall decrease in seroprevalence. Since the 1990s, new LB infections have 
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been systematically treated with antibiotics. As a result, overall seroprevalence has 
declined, and the peak in seropositivity is now observed among the oldest age group.  

Our results also showed that men had a higher probability of being seropositive 
than females. Interestingly, while some European studies are in accordance with our 
results, showing higher seroprevalence in males than in females (van Beek et al. 
2018; Cuellar et al. 2020; Hjetland et al. 2014; Johansson et al. 2017), many LB 
incidence studies have found females to have a higher incidence rate than males, 
especially among EM patients (Bennet, Stjernberg, and Berglund 2007; Fülöp and 
Poggensee 2008; Sajanti et al. 2017; Stanek and Strle 2022). The contradiction 
between seroprevalence and incidence rates in Europe may reflect gender-associated 
behavioural differences in healthcare seeking or genetic differences in immune 
response. Females may be more likely to notice the early signs of LB, such as EM, 
and seek healthcare services already in the early phase of infection. As a result, 
females may be less likely to develop the disseminated phase of LB compared to 
males. Biological or sociological explanations for this contradiction have not yet 
been identified (Bennet et al. 2007; Rebman, Soloski, and Aucott 2015). 

Bbsl seropositivity was not found to be statistically associated with any of the 
studied health-related background information after adjusting for demographic 
factors. Previous study noticed that in 1970 in Finland, self-reported perception of 
feeling unhealthy, previous heart failure and heart valvular disease were associated 
with Bbsl seropositivity (Cuellar et al. 2020). One of the reasons for not finding 
significant correlations with any of the health-related questions in our study might 
be the small number of seropositive individuals within these subgroups. In 2017, 
over 90% of participants reported at least a moderate health, while only about 60% 
of the participants reported at least moderate health in 1970. The most often 
significantly correlated factors with health-related questions were age of the 
participant and the collection year. Moreover, as Bbsl seropositivity reflects past 
exposure rather than ongoing disease, this finding is not surprising. Nevertheless, 
our results are consistent with findings from Norway, where no association between 
Bbsl seropositivity and subjective health complaints were found (Hjetland et al. 
2015). 
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5 Conclusions 

Tick research has grown significantly in Finland in the last decade. One of the first 
major advances in understanding tick ecology in Finland was the mapping of the 
geographical distribution of two important tick species across the country (I). Study 
I updated the nationwide distribution map for I. ricinus, replacing the outdated map 
from the late 1950s (Öhman 1961). In addition, the nationwide distribution of 
I. persulcatus was studied for the first time, and I. persulcatus was found to be much 
more common in Finland than previously thought, even appearing to dominate in 
certain areas of the country. Studies I and II confirmed that both tick species 
affecting humans in Finland are now widely abundant in the southern half of the 
country and the range of the ticks has shifted northwards during the past few decades, 
along the coast of Bothnian Bay.  

Study II showed that the highest prevalence of infected ticks was in the I. ricinus-
dominated area in southern Finland. However, the highest infection rates for both 
species were in the areas of their dominance, either in south for I. ricinus or north 
for I. persulcatus. The overall prevalence and diversity of different pathogens were 
higher in I. ricinus samples and it was more often co-infected than I. persulcatus. 
However, the prevalence of the two pathogens causing the most important TBDs for 
humans in Finland, Bbsl and TBEV, were both higher in I. persulcatus. The overall 
prevalence of Bbsl in Finland was 16.9%, and the prevalence of TBEV was 1.6%. 
Moreover, Studies I and II revealed the presence of some rare and potentially 
dangerous pathogens occurring in Finnish ticks.  

While Studies I and II showed that the distributional area of ticks in Finland has 
increased during the last 60 years, with Bbsl being widely distributed across the 
country, Study III showed that the seroprevalence of Bbsl has been decreasing 
markedly among Finnish adult people over recent decades. Our results suggest that 
in today’s Finland people develop or sustain a detectable IgG response against Bbsl 
less often than 50 years ago. Effective diagnostics, prompt antibiotic treatments, 
increased awareness and societal and economic changes are among the possible 
reasons explaining the decreasing Bbsl seroprevalence trend in Finland. Further, this 
study emphasises how continued surveillance and preventive measures, such as 
awareness campaigns, remain essential for managing risks of LB and other tick-
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borne diseases, while at the same time it provides new insights into current concerns 
regarding ticks. 

Together, these results provide an important foundation for future research. Due 
to climate change, temperatures are expected to increase in Finland in the upcoming 
decades (Ruosteenoja and Jylhä 2021). As a result, the distribution of ticks may 
continue to shift, pathogens may spread into new areas, and new vector-borne 
pathogens may emerge. Although current tick data provide opportunities to search 
for novel pathogens and microbes that were not analysed here, a new collection of 
ticks is needed to detect changes over the past ten years in tick distribution, species 
composition, and pathogen occurrence. Moreover, experimental research is required 
to address certain important questions, such as how co-infections influence pathogen 
persistence and transmission between hosts and vectors. Regarding the observed 
changes in Bbsl seroprevalence, further studies, such as temporal studies in different 
risk groups and case-control studies on seroconversion and seroreversion rates, are 
needed to better understand the factors behind the observed decrease in Bbsl 
seroprevalence in Finland.  

 



 68 

Acknowledgements 

Firstly, I want to thank my supervisors Tero Klemola, Eero Vesterinen and Jukka 
Hytönen. Thank you for your excellent guidance throughout these years, for always 
being available, and for allowing me to find my own ways to combine research with 
other interests and life events during this rather long project.   

My warmest thanks to my preliminary examiners Esa Koskela and Johanna 
Sjöwall for their careful evaluation and valuable feedback, and also my research 
director, Veijo Jormalainen, during the final steps. I am grateful to Eili Huhtamo for 
accepting to act as my opponent and for dedicating time to review and discuss my 
work. 

I would like to thank all my co-authors, Eeva Feuth, Jani Sormunen, Ritva 
Penttinen, Jari Hänninen, Kai Ruohomäki, Ilari Sääksjärvi, Ilppo Vuorinen, Anna 
Launonen, Satu Mäkelä, Hein Sprong, Timothée Dub, Annukka Pietikäinen, Tero 
Klemola, Eero Vesterinen and Jukka Hytönen for their valuable contribution and 
good collaboration. Special thanks to Ritva Penttinen, who first introduced me to the 
world of ticks and supported me in many ways over the years. With you, I also got 
to illustrate my first children’s book, which was a very significant thing for me. I am 
also thankful for Ann Sofie Wierda and Tuula Rantasalo for their patience, assistance 
and support in the laboratory. I want to thank all the colleagues at the Department of 
Biology, Biodiversity Unit, and the Institute of Biomedicine at the University of 
Turku for kindness and helpfulness. Special thanks to veterans of the birdwatching 
crew Ari K, Veksi, Ari L, Kari and Anssi for the many interesting lessons and 
exciting field trips, and Anna, for being the greatest work and adventure buddy 
during our years in Zoological Museum.  

This dissertation would not have been possible without the contributions of the 
citizens and I am grateful to everyone who took part in the tick collection.  

This research was financially supported by the Jenny and Antti Wihuri 
Foundation, Jane and Aatos Erkko Foundation, the Academy of Finland, the Finnish 
Cultural Foundation (Varsinais-Suomi Regional Fund), Maj and Tor Nessling 
Foundation, and Pfizer Inc. (Finland). Special thanks go to Sakari Alhopuro, who 
has supported tick-related research both financially and through his encouragement 
for many years.  



Acknowledgements 

 69 

I would also like to express my heartfelt gratitude to my family and friends. The 
past few years have occasionally been challenging, but they have also included the 
most wonderful years of my life. I am very fortunate of having such loving and caring 
people around me. Special thanks to my parents Sirkku and Risto and my siblings 
Kaisa, Lauri and Anni. You have always supported and encouraged me in 
everything. Mom, your guidance and presence meant so much to me in the early 
stages of my academic studies and through the first years of motherhood. I am 
eternally grateful for everything you gave me, and for all that you continue to give 
me. I miss you every day. And last, but not least, I want to thank my husband Olli 
and our children, Enni and Aino. You are my everything.  

Raisio, January 2026 
Maija Lamppu 

 
 



 70 

References 

Achazi, Katharina, Daniel RůŽek, Oliver Donoso-Mantke, Mathias Schlegel, Hanan Sheikh Ali, 
Mathias Wenk, Jonas Schmidt-Chanasit, Lutz Ohlmeyer, Ferdinand Rühe, Torsten Vor, Christian 
Kiffner, René Kallies, Rainer G. Ulrich, and Matthias Niedrig. 2011. “Rodents as Sentinels for the 
Prevalence of Tick-Borne Encephalitis Virus.” Vector-Borne and Zoonotic Diseases 11(6):641–
47. 

Acosta-España, Jaime David, Andrés Herrera-Yela, Jenny Belén Altamirano-Jara, D. Katterine Bonilla-
Aldana, and Alfonso J. Rodriguez-Morales. 2025. “The Epidemiology and Clinical Manifestations 
of Anaplasmosis in Humans: A Systematic Review of Case Reports.” Journal of Infection and 
Public Health 18(7):102765. 

Alale, Theophilus Yaw, Jani J. Sormunen, Eero J. Vesterinen, Tero Klemola, K. Emily Knott, and 
Miguel Baltazar-Soares. 2024. “Genomic Signatures of Hybridization between Ixodes Ricinus and 
Ixodes Persulcatus in Natural Populations.” Ecology and Evolution 14(5). 

Alekseev, A. N., H. V Dubinina, L. P. Antykova, T. I. Dzhivanyan, S. G. Rijpkema, N. V Kruif, and 
M. Cinco. 1998. “Tick-Borne Borrelioses Pathogen Identification in Ixodes Ticks (Acarina, 
Ixodidae) Collected in St. Petersburg and Kaliningrad Baltic Regions of Russia.” Journal of 
Medical Entomology 35(2):136–42. 

Alekseev, A. N., H. V Dubinina, I. Van De Pol, and L. M. Schouls. 2001. “Identification of Ehrlichia 
Spp. and Borrelia Burgdorferi in Ixodes Ticks in the Baltic Regions of Russia.” Journal of Clinical 
Microbiology 39(6):2237–42. doi:10.1128/JCM.39.6.2237-2242.2001 [doi]. 

Alekseev, Andrey N., Helen V Dubinina, Anu E. Jääskeläinen, Olli Vapalahti, and Antti Vaheri. 2007. 
“First Report on Tick-Borne Pathogens and Exoskeletal Anomalies in Ixodes Persulcatus Schulze 
(Acari: Ixodidae) Collected in Kokkola Coastal Region, Finland.” International Journal of 
Acarology 33(3):253–58. 

Andersson, Martin, Simona Bartkova, Olle Lindestad, and Lars Råberg. 2013. “Co-Infection with 
‘Candidatus Neoehrlichia Mikurensis’ and Borrelia Afzelii in Ixodes Ricinus Ticks in Southern 
Sweden.” Vector-Borne and Zoonotic Diseases 13(7):438–42. 

Balashov, Yu S., L. A. Grigor’eva, and J. Oliver. 1998. “Reproductive Isolation and Interspecific 
Hybridization in Ixodid Ticks of the Ixodes Ricinus--I. Persulcatus Group (Acarina, Ixodidae).” 
Entomological Review 78(4):500–508. 

Balážová, Alena, Tomáš Václavík, Vojtech Baláž, and Pavel Široký. 2024. “Borrelia Miyamotoi and 
Borrelia Burgdorferi Sensu Lato Widespread in Urban Areas of the Czech Republic.” Parasites 
and Vectors 17(1):1–7. 

Becker, Noémie S., Robert E. Rollins, Kateryna Nosenko, Alexander Paulus, Samantha Martin, Stefan 
Krebs, Ai Takano, Kozue Sato, Sergey Y. Kovalev, Hiroki Kawabata, Volker Fingerle, and 
Gabriele Margos. 2020. “High Conservation Combined with High Plasticity: Genomics and 
Evolution of Borrelia Bavariensis.” BMC Genomics 21(1):1–21. 

van Beek, Janko, Eeva Sajanti, Otto Helve, Jukka Ollgren, Mikko J. Virtanen, Harri Rissanen, Outi 
Lyytikäinen, Jukka Hytönen, and Jussi Sane. 2018. “Population-Based Borrelia Burgdorferi Sensu 
Lato Seroprevalence and Associated Risk Factors in Finland.” Ticks and Tick-Borne Diseases 
9(2):275–80. 



References 

 71 

Belova, Oxana A., Ludmila A. Burenkova, and Galina G. Karganova. 2012. “Different Tick-Borne 
Encephalitis Virus (TBEV) Prevalences in Unfed versus Partially Engorged Ixodid Ticks – 
Evidence of Virus Replication and Changes in Tick Behavior.” Ticks and Tick-Borne Diseases 
3(4):240–46. 

Belova, Oxana A., Alexandra E. Polienko, Anastasia D. Averianova, and Galina G. Karganova. 2023. 
“Development Features of Ixodes Ricinus × I. Persulcatus Hybrids under Laboratory Conditions.” 
Microorganisms 11(9), 2252. 

Bennet, Louise, Louise Stjernberg, and Johan Berglund. 2007. “Effect of Gender on Clinical And 
Epidemiologic Features of Lyme Borreliosis.” 7(1):34–41. 

Billeter, S. A., M. G. Levy, B. B. Chomel, and E. B. Breitschwerdt. 2008. “Vector Transmission of 
Bartonella Species with Emphasis on the Potential for Tick Transmission.” Medical and Veterinary 
Entomology 22(1):1–15. 

Binetruy, Florian, Xavier Bailly, Christine Chevillon, Oliver Y. Martin, Marco V. Bernasconi, and 
Olivier Duron. 2019. “Phylogenetics of the Spiroplasma Ixodetis Endosymbiont Reveals Past 
Transfers between Ticks and Other Arthropods.” Ticks and Tick-Borne Diseases 10(3):575–84. 

Böhm, Stefanie, Tom Woudenberg, Klaus Stark, Merle M. Böhmer, Katharina Katz, Ronny Kuhnert, 
Martin Schlaud, Hendrik Wilking, Volker Fingerle, Stefanie Böhm Stefanieboehm, Böhm 
Stefanie, Woudenberg Tom, Stark Klaus, Böhmer M. Merle, Katz Katharina, Kuhnert Ronny, 
Schlaud Martin, Wilking Hendrik, and Fingerle Volker Seroprevalence. 2023. “Seroprevalence, 
Seroconversion and Seroreversion of Borrelia Burgdorferi-Specific IgG Antibodies in Two 
Population-Based Studies in Children and Adolescents, Germany, 2003 to 2006 and 2014 to 2017.” 
Eurosurveillance 28(34):2200855. 

Borchers, Andrea T., Carl L. Keen, Arthur C. Huntley, and M. Eric Gershwin. 2015. “Lyme Disease: 
A Rigorous Review of Diagnostic Criteria and Treatment.” Journal of Autoimmunity 57:82–115. 

Bormane, Antra, Irina Lucenko, Arnis Duks, Violeta Mavtchoutko, Renate Ranka, Kristine Salmina, 
and Viesturs Baumanis. 2004. “Vectors of Tick-Borne Diseases and Epidemiological Situation in 
Latvia in 1993–2002.” International Journal of Medical Microbiology Supplements 293:36–47. 

Borodulin, Katja, and Katri Sääksjärvi. 2019. FinHealth 2017 Study - Methods. 
Brown, L., J. Medlock, and V. Murray. 2014. “Impact of Drought on Vector-Borne Diseases – How 

Does One Manage the Risk?” Public Health 128(1):29–37. 
Buczek, Alicja M., Weronika Buczek, Alicja Buczek, and Katarzyna Bartosik. 2020. “The Potential 

Role of Migratory Birds in the Rapid Spread of Ticks and Tick-Borne Pathogens in the Changing 
Climatic and Environmental Conditions in Europe.” International Journal of Environmental 
Research and Public Health 2020, Vol. 17, Page 2117 17(6):2117. 

Buczek, Weronika, Alicja Buczek, Marek Asman, and Katarzyna Bartosik. 2023. “Copulation of Ixodes 
Ricinus Males and Females on the Host and Its Potential Impact on Pathogen Transmission.” 
Annals of Agricultural and Environmental Medicine 30(4):617–22. 

Budachetri, Khemraj, Deepak Kumar, Gary Crispell, Christine Beck, Gregory Dasch, and Shahid 
Karim. 2018. “The Tick Endosymbiont Candidatus Midichloria Mitochondrii and Selenoproteins 
Are Essential for the Growth of Rickettsia Parkeri in the Gulf Coast Tick Vector.” Microbiome 
6(1):1–15. 

Bugmyrin, Sergey V, Liubov A. Bespyatova, Yuri S. Korotkov, Ludmila A. Burenkova, Oxana A. 
Belova, Lidiya Iu Romanova, Liubov I. Kozlovskaya, Galina G. Karganova, and Eugeniy P. 
Ieshko. 2013. “Distribution of Ixodes Ricinus and I-Persulcatus Ticks in Southern Karelia 
(Russia).” Ticks and Tick-Borne Diseases 4(1–2):57–62. 

Bugmyrin, Sergey V., and Lyubov A. Bespyatova. 2023. “Seasonal Activity of Adult Ticks Ixodes 
Persulcatus (Acari, Ixodidae) in the North-West of the Distribution Area.” Animals 13(24):3834. 

Burn, Leah, Andreas Pilz, Andrew Vyse, Aura Victoria Gutiérrez Rabá, Frederick J. Angulo, Thao Mai 
Phuong Tran, Mark A. Fletcher, Bradford D. Gessner, Jennifer C. Moïsi, and James H. Stark. 2023. 
“Seroprevalence of Lyme Borreliosis in Europe: Results from a Systematic Literature Review 
(2005-2020).” Vector-Borne and Zoonotic Diseases 23(4):195–220. 



Maija Lamppu 

72 

Capligina, Valentina, Inese Berzina, Antra Bormane, Ineta Salmane, Karlis Vilks, Alisa Kazarina, Dace 
Bandere, Viesturs Baumanis, and Renate Ranka. 2016. “Prevalence and Phylogenetic Analysis of 
Babesia Spp. in Ixodes Ricinus and Ixodes Persulcatus Ticks in Latvia.” Experimental and Applied 
Acarology 68(3):325–36. 

Capligina, Valentina, Maija Seleznova, Sarmite Akopjana, Lauma Freimane, Marija Lazovska, Rudolfs 
Krumins, Agnija Kivrane, Agne Namina, Darja Aleinikova, Janis Kimsis, Alisa Kazarina, 
Viktorija Igumnova, Antra Bormane, and Renate Ranka. 2020. “Large-Scale Countrywide 
Screening for Tick-Borne Pathogens in Field-Collected Ticks in Latvia during 2017-2019.” 
Parasites and Vectors 13(1):1–12. 

Carr, Ann L., and Michael Roe. 2015. “Acarine Attractants: Chemoreception, Bioassay, Chemistry and 
Control.” Pesticide Biochemistry and Physiology 131:60. 

Cayol, Claire, Esa Koskela, Tapio Mappes, Anja Siukkola, and Eva R. Kallio. 2017. “Temporal 
Dynamics of the Tick Ixodes Ricinus in Northern Europe: Epidemiological Implications.” 
Parasites and Vectors 10(1):1–11. 

Chiffi, Gabriele, Denis Grandgirard, Stephen L. Leib, Aleš Chrdle, and Daniel Růžek. 2023. “Tick-
Borne Encephalitis: A Comprehensive Review of the Epidemiology, Virology, and Clinical 
Picture.” Reviews in Medical Virology 33(5):e2470. 

Chitimia-Dobler, L. 2024. “TBEV-Transmission and Natural Cycles. .” The TBE Book. 
Coipan, Elena Claudia, Manoj Fonville, Ellen Tijsse-Klasen, Joke W. B. van der Giessen, Willem 

Takken, Hein Sprong, and Katsuhisa Takumi. 2013. “Geodemographic Analysis of Borrelia 
Burgdorferi Sensu Lato Using the 5S–23S RDNA Spacer Region.” Infection, Genetics and 
Evolution 17:216–22. 

Coipan, Elena Claudia, Setareh Jahfari, Manoj Fonville, Catharina B. Maassen, Joke van der Giessen, 
Willem Takken, Katsuhisa Takumi, and Hein Sprong. 2013. “Spatiotemporal Dynamics of 
Emerging Pathogens in Questing Ixodes Ricinus.” Front Cell Infect Microbiol 30;3:36. 

Comstedt, P., S. Bergström, B. Olsen, U. Garpmo, L. Marjavaara, H. Mejlon, A. G. Barbour, and J. 
Bunikis. 2006. “Migratory Passerine Birds as Reservoirs of Lyme Borreliosis in Europe.” Emerg 
Infect Dis 12(7):1078–95. 

Cook, Michael J. 2014. “Lyme Borreliosis: A Review of Data on Transmission Time after Tick 
Attachment.” International Journal of General Medicine 8:1–8. 

Cotes-Perdomo, Andrea, Arnulf Soleng, Kristian Alfsnes, and Åshild Andreassen. 2025. “First Report 
of the Taiga Tick Ixodes Persulcatus in Norway.” Ticks and Tick-Borne Diseases 16(4):102508. 

Cretois, Benjamin, Emily G. Simmonds, John D. C. Linnell, Bram van Moorter, Christer M. Rolandsen, 
Erling J. Solberg, Olav Strand, Vegard Gundersen, Ole Roer, and Jan Ketil Rød. 2021. “Identifying 
and Correcting Spatial Bias in Opportunistic Citizen Science Data for Wild Ungulates in Norway.” 
Ecology and Evolution 11(21):15191–204. 

Crowder, Chris D., Heather E. Carolan, Megan A. Rounds, Vaclav Honig, Benedikt Mothes, Heike 
Haag, Oliver Nolte, Ben J. Luft, Libor Grubhoffer, David J. Ecker, Steven E. Schutzer, and Mark 
W. Eshoo. 2014. “Prevalence of Borrelia Miyamotoi in Ixodes Ticks in Europe and the United 
States.” Emerging Infectious Diseases 20(10):1678. 

Cuellar, J., T. Dub, J. Sane, and J. Hytönen. 2020. “Seroprevalence of Lyme Borreliosis in Finland 50 
Years Ago.” Clinical Microbiology and Infection 26(5):632–36. 

Dantas-Torres, Filipe, Bruno B. Chomel, and Domenico Otranto. 2012. “Ticks and Tick-Borne 
Diseases: A One Health Perspective.” Trends in Parasitology 28(10):437–46. 

Dehnert, Manuel, Volker Fingerle, Christiane Klier, Thomas Talaska, Martin Schlaud, Gérard Krause, 
Hendrik Wilking, and Gabriele Poggensee. 2012. “Seropositivity of Lyme Borreliosis and 
Associated Risk Factors: A Population-Based Study in Children and Adolescents in Germany 
(KiGGS).” PLOS ONE 7(8):e41321. 

Derdáková, Markéta, Radovan Václav, Lucia Pangrácova-Blaňárová, Diana Selyemová, Juraj Koči, 
Gernot Walder, and Eva Špitalská. 2014. “Candidatus Neoehrlichia Mikurensis and Its Co-



References 

 73 

Circulation with Anaplasma Phagocytophilum in Ixodes Ricinus Ticks across Ecologically 
Different Habitats of Central Europe.” Parasites and Vectors 7(1):1–4. 

Dessau, R. B., A. P. van Dam, V. Fingerle, J. Gray, J. W. Hovius, K. P. Hunfeld, B. Jaulhac, O. Kahl, 
W. Kristoferitsch, P. E. Lindgren, M. Markowicz, S. Mavin, K. Ornstein, T. Rupprecht, G. Stanek, 
and F. Strle. 2018. “To Test or Not to Test? Laboratory Support for the Diagnosis of Lyme 
Borreliosis: A Position Paper of ESGBOR, the ESCMID Study Group for Lyme Borreliosis.” 
Clinical Microbiology and Infection 24(2):118–24. 

Dessau, Ram B., Jens K. Møller, Birte Kolmos, and Anna J. Henningsson. 2015. “Multiplex Assay 
(Mikrogen RecomBead) for Detection of Serum IgG and IgM Antibodies to 13 Recombinant 
Antigens of Borrelia Burgdorferi Sensu Lato in Patients with Neuroborreliosis: The More the 
Better?” Journal of Medical Microbiology 64(3):224–31. 

Deviatkin, Andrei A., Galina G. Karganova, Yulia A. Vakulenko, and Alexander N. Lukashev. 2020. 
“TBEV Subtyping in Terms of Genetic Distance.” Viruses 12(11):1240. 

Dharmarajan, G., and O. E. Rhodes. 2011. “Evaluating Levels of PCR Efficiency and Genotyping Error 
in DNA Extracted from Engorged and Non-Engorged Female Dermacentor Variabilis Ticks.” 
Medical and Veterinary Entomology 25(1):109–12. 

Dietrich, F., T. Schmidgen, R. G. Maggi, D. Richter, F. R. Matuschka, R. Vonthein, E. B. 
Breitschwerdt, and V. A. Kempf. 2010. “Prevalence of Bartonella Henselae and Borrelia 
Burgdorferi Sensu Lato DNA in Ixodes Ricinus Ticks in Europe.” Applied and Environmental 
Microbiology 76(5):1395–98. 

Diuk-Wasser, Maria A., Edouard Vannier, and Peter J. Krause. 2016. “Coinfection by Ixodes Tick-
Borne Pathogens: Ecological, Epidemiological, and Clinical Consequences.” Trends in 
Parasitology 32(1):30–42. 

Dobson, Andrew D. M., and Sarah E. Randolph. 2011. “Modelling the Effects of Recent Changes in 
Climate, Host Density and Acaricide Treatments on Population Dynamics of Ixodes Ricinus in the 
UK.” Journal of Applied Ecology 48(4):1029–37. 

Dong, Yan, Guozhong Zhou, Wenjing Cao, Xin Xu, Yu Zhang, Zhenhua Ji, Jiaru Yang, Jingjing Chen, 
Meixiao Liu, Yuxin Fan, Jing Kong, Shiyuan Wen, Bingxue Li, Peng Yue, Aihua Liu, and Fukai 
Bao. 2022. “Global Seroprevalence and Sociodemographic Characteristics of Borrelia Burgdorferi 
Sensu Lato in Human Populations: A Systematic Review and Meta-Analysis.” BMJ Global Health 
7(6):e007744. 

Doudier, B., J. Olano, P. Parola, and P. Brouqui. 2010. “Factors Contributing to Emergence of Ehrlichia 
and Anaplasma Spp. as Human Pathogens.” Veterinary Parasitology 167(2–4):149–54. 

Dubska, Lenka, Ivan Literak, Elena Kocianova, Veronika Taragelova, and Oldrich Sychra. 2009. 
“Differential Role of Passerine Birds in Distribution of Borrelia Spirochetes, Based on Data from 
Ticks Collected from Birds during the Postbreeding Migration Period in Central Europe.” Applied 
and Environmental Microbiology 75(3):596–602. 

Dugat, Thibaud, Agnès Leblond, Nicolas Keck, Anne Claire Lagrée, Isabelle Desjardins, Aurélien 
Joulié, Sophie Pradier, Benoit Durand, Henri Jean Boulouis, and Nadia Haddad. 2017. “One 
Particular Anaplasma Phagocytophilum Ecotype Infects Cattle in the Camargue, France.” 
Parasites and Vectors 10(1):1–6. 

Dumler, J. Stephen, Kyoung Seong Choi, Jose Carlos Garcia-Garcia, Nicole S. Barat, Diana G. Scorpio, 
Justin W. Garyu, Dennis J. Grab, and Johan S. Bakken. 2005. “Human Granulocytic Anaplasmosis 
and Anaplasma Phagocytophilum.” Emerging Infectious Diseases 11(12):1828–34. 

Dusbábek, František. 1996. “Nymphal Sexual Dimorphism in the Sheep Tick Ixodes Ricinus (Acari: 
Ixodidae).” Folia Parasitologica 43(1):75–79. 

Dykhuizen, Daniel E., Dustin Brisson, Sabina Sandigursky, Gary P. Wormser, John Nowakowski, 
Robert B. Nadelman, and Ira Schwartz. 2008. “Short Report: The Propensity of Different Borrelia 
Burgdorferi Sensu Stricto Genotypes to Cause Disseminated Infections in Humans.” The American 
Journal of Tropical Medicine and Hygiene 78(5):806. 



Maija Lamppu 

74 

Eliasson, Henrik, Johan Lindbäck, Pekka Nuorti, Malin Arneborn, Johan Giesecke, and Anders Tegnell. 
2002. “The 2000 Tularemia Outbreak: A Case-Control Study of Risk Factors in Disease-Endemic 
and Emergent Areas, Sweden.” Emerging Infectious Diseases 8(9):956–60. 

Eloranta, Jari, and Jari Ojala. 2022. “Modern Finnish Economic History.” Oxford Research 
Encyclopedia of Economics and Finance. 

Estrada-Peña, Agustín, Nieves Ayllón, and José de la Fuente. 2012. “Impact of Climate Trends on Tick-
Borne Pathogen Transmission.” Frontiers in Physiology 23219. 

Estrada-Peña, Agustín, Alberto A. Guglielmone, and Santiago Nava. 2023. “Worldwide Host 
Associations of the Tick Genus Ixodes Suggest Relationships Based on Environmental Sharing 
Rather than on Co-Phylogenetic Events.” Parasites and Vectors 16(1):1–17. 

Estrada-Peña, Agustín, and José De La Fuente. 2014. “The Ecology of Ticks and Epidemiology of Tick-
Borne Viral Diseases.” Antiviral Research 108(1):104–28. 

Estrada-Peña, E., AD Mihalca, and TN Petney. 2018. Ticks of Europe and North Africa: A Guide to 
Species Identification. Springer. 

Filippova NA. 1977. “Ixodid Ticks of the Subfamily Ixodinae.” Fauna of the USSR: Arachnoides 4(4). 
Fraenkel, Carl Johan, Ulf Garpmo, and Johan Berglund. 2002. “Determination of Novel Borrelia 

Genospecies in Swedish Ixodes Ricinus Ticks.” Journal of Clinical Microbiology 40(9):3308–12. 
Fülöp, Balazs, and Gabriele Poggensee. 2008. “Epidemiological Situation of Lyme Borreliosis in 

Germany: Surveillance Data from Six Eastern German States, 2002 to 2006.” Parasitology 
Research 103:117–20. 

Geller, Julia, Lidia Nazarova, Olga Katargina, and Irina Golovljova. 2013. “Borrelia Burgdorferi Sensu 
Lato Prevalence in Tick Populations in Estonia.” Parasites & Vectors 6(1):202. 

Geller, Julia, Lidia Nazarova, Olga Katargina, Lilian Järvekülg, Natalya Fomenko, and Irina 
Golovljova. 2012. “Detection and Genetic Characterization of Relapsing Fever Spirochete Borrelia 
Miyamotoi in Estonian Ticks.” PLoS One 7(12):e51914. 

Geller, Julia, Lidia Nazarova, Olga Katargina, Agu Leivits, Lilian Järvekülg, and Irina Golovljova. 
2013. “Tick-Borne Pathogens in Ticks Feeding on Migratory Passerines in Western Part of 
Estonia.” Vector-Borne and Zoonotic Diseases 13(7):443–48. 

Gern, L. 2008. “Borrelia Burgdorferi Sensu Lato, the Agent of Lyme Borreliosis: Life in the Wilds.” 
Pp. 244–47 in Parasite. Vol. 15. PRINCEPS Editions. 

Gern, L., A. Estrada-Peña, F. Frandsen, J. S. Gray, T. G. T. Jaenson, F. Jongejan, O. Kahl, E. Korenberg, 
R. Mehl, and P. A. Nuttall. 1998. “European Reservoir Hosts of Borrelia Burgdorferi Sensu Lato.” 
Zentralblatt Für Bakteriologie 287(3):196–204. 

Gern, Lise, and Olivier Rais. 1996. “Efficient Transmission of Borrelia Burgdorferi Between Cofeeding 
Ixodes Ricinus Ticks (Acari: Ixodidae).” Journal of Medical Entomology 33(1):189–92. 

Gern, R., and PF Humair. 2002. “Lyme Borreliosis: Biology, Epidemiology and Control.” Lyme 
Borreliosis: Biology, Epidemiology and Control 6:149–74. 

Grankvist, A., P. O. Andersson, M. Mattsson, M. Sender, K. Vaht, L. Hoper, E. Sakiniene, E. Trysberg, 
M. Stenson, J. Fehr, S. Pekova, C. Bogdan, G. Bloemberg, and C. Wenneras. 2014. “Infections 
with the Tick-Borne Bacterium ‘Candidatus Neoehrlichia Mikurensis’ Mimic Noninfectious 
Conditions in Patients with B Cell Malignancies or Autoimmune Diseases.” Clinical Infectious 
Diseases : An Official Publication of the Infectious Diseases Society of America 58(12):1716–22. 

Gray, J. S., H. Dautel, A. Estrada-Pena, O. Kahl, and E. Lindgren. 2009. “Effects of Climate Change 
on Ticks and Tick-Borne Diseases in Europe.” Interdisciplinary Perspectives on Infectious 
Diseases 2009:593232. 

Gray, Jeremy S. 2008. “Ixodes Ricinus Seasonal Activity: Implications of Global Warming Indicated 
by Revisiting Tick and Weather Data.” International Journal of Medical Microbiology 298:19–
24. 

Gray, Jeremy S., Olaf Kahl, Robert S. Lane, Michael L. Levin, and Jean I. Tsao. 2016. “Diapause in 
Ticks of the Medically Important Ixodes Ricinus Species Complex.” Ticks and Tick-Borne 
Diseases 7(5):992–1003. 



References 

 75 

Gray, Jeremy, Annetta Zintl, Anke Hildebrandt, Klaus Peter Hunfeld, and Louis Weiss. 2010. 
“Zoonotic Babesiosis: Overview of the Disease and Novel Aspects of Pathogen Identity.” Ticks 
and Tick-Borne Diseases 1(1):3–10. 

Gritsun, T. S., V. A. Lashkevich, and E. A. Gould. 2003. “Tick-Borne Encephalitis.” Antiviral Research 
57(1–2):129–46. 

Gryczyńska, Alicja, and Renata Welc-Falęciak. 2016. “Long-Term Study of the Prevalence of Borrelia 
Burgdorferi s.l. Infection in Ticks (Ixodes Ricinus) Feeding on Blackbirds (Turdus Merula) in NE 
Poland.” Experimental and Applied Acarology 70(3):381–94. 

Guglielmone, Alberto A., Richard G. Robbins, Dmitry A. Apanaskevich, Trevor N. Petney, Agustín 
Estrada-Peňa, Ivan G. Horak, Renfu Shao, and Stephen C. Barker. 2020. “The Argasidae, Ixodidae 
and Nuttalliellidae (Acari: Ixodida) of the World: A List of Valid Species Names.” Zootaxa 
2528(2528):1–28. 

Gugliotta, Joseph L., Heidi K. Goethert, Victor P. Berardi, and Sam R. Telford. 2013. “ 
Meningoencephalitis from Borrelia Miyamotoi in an Immunocompromised Patient .” New 
England Journal of Medicine 368(3):240–45. 

Guizzo, Melina Garcia, Tereza Hatalová, Helena Frantová, Ludek Zurek, Petr Kopáček, and Jan Perner. 
2023. “Ixodes Ricinus Ticks Have a Functional Association with Midichloria Mitochondrii.” 
Frontiers in Cellular and Infection Microbiology 12:1081666. 

Haapasalo, K., P. Suomalainen, A. Sukura, H. Siikamaki, and T. S. Jokiranta. 2010. “Fatal Babesiosis 
in Man, Finland, 2004.” Emerging Infectious Diseases 16(7):1116–18. 

Haglund, Mats, and Göran Günther. 2003. “Tick-Borne Encephalitis—Pathogenesis, Clinical Course 
and Long-Term Follow-Up.” Vaccine 21:S11–18. 

Hancock, Penelope A., Robert Brackley, and Stephen C. F. Palmer. 2011. “Modelling the Effect of 
Temperature Variation on the Seasonal Dynamics of Ixodes Ricinus Tick Populations.” 
International Journal for Parasitology 41(5):513–22. 

Hanincova, K., S. M. Schäfer, S. Etti, H. S. Sewell, V. Taragelová, D. Ziak, M. Labuda, and K. 
Kurtenbach. 2003. “Association of Borrelia Afzelii with Rodents in Europe.” Parasitology 
126(1):11–20. 

Hansen, Klaus, Clarissa Crone, and Wolfgang Kristoferitsch. 2013. “Lyme Neuroborreliosis.” 
Handbook of Clinical Neurology 115:559–75. 

Hart, Eilish, John Tulloch, Daniel Bailey, Tim Brooks, Heli Harvala, Peter Simmonds, Roberto 
Vivancos, Neil French, and Amanda Semper. 2025. “Seroprevalence of Borrelia Burgdorferi Sensu 
Lato Antibodies in English Adult Blood Donors: A Nationwide Cross-Sectional Study, 2021–
2022.” Ticks and Tick-Borne Diseases 16(1):102439. 

Hartelt, Kathrin, Rainer Oehme, Henning Frank, Stefan O. Brockmann, Dieter Hassler, and Peter 
Kimmig. 2004. “Pathogens and Symbionts in Ticks: Prevalence of Anaplasma Phagocytophilum 
(Ehrlichia Sp.), Wolbachia Sp., Rickettsia Sp., and Babesia Sp. in Southern Germany.” 
International Journal of Medical Microbiology Supplements 293(37):86–92. 

Hasle, Gunnar. 2013. “Transport of Ixodid Ticks and Tick-Borne Pathogens by Migratory Birds.” 
Frontiers in Cellular and Infection Microbiology 4:54887. 

Hauck, Daniela, Daniela Jordan, Andrea Springer, Bettina Schunack, Stefan Pachnicke, Volker 
Fingerle, and Christina Strube. 2020. “Transovarial Transmission of Borrelia Spp., Rickettsia Spp. 
And Anaplasma Phagocytophilum in Ixodes Ricinus under Field Conditions Extrapolated from 
DNA Detection in Questing Larvae.” Parasites and Vectors 13(1):1–11. 

Healy, John A. E., and Patrick Bourke. 2008. “Aggregation in the Tick Ixodes Ricinus (Acari: 
Ixodidae): Use and Reuse of Questing Vantage Points.” Journal of Medical Entomology 
45(2):222–28. 

Heikkilä, Helka M., Anna Bondarenko, Andrea Mihalkov, Kurt Pfister, and Thomas Spillmann. 2010. 
“Anaplasma Phagocytophilum Infection in a Domestic Cat in Finland: Case Report.” Acta 
Veterinaria Scandinavica 52(1):62. 

Heistaro, Sami. 2008. Methodology Report : Health 2000 Survey. National Public Health Institute. 



Maija Lamppu 

76 

Helle, Eero, and Kaarina Kauhala. 1991. “Distribution History and Present Status of the Raccoon Dog 
in Finland.” Ecography 14(4):278–86. 

Henningsson, Anna J., Dag Hvidsten, Bjørn Erik Kristiansen, Andreas Matussek, Snorre Stuen, and 
Andrew Jenkins. 2015. “Detection of Anaplasma Phagocytophilum in Ixodes Ricinus Ticks from 
Norway Using a Realtime PCR Assay Targeting the Anaplasma Citrate Synthase Gene GltA.” 
BMC Microbiology 15(1):1–6. 

Henningsson, Anna J., Peter Wilhelmsson, Paula Gyllemark, Monika Kozak, Andreas Matussek, Dag 
Nyman, Christina Ekerfelt, Per Eric Lindgren, and Pia Forsberg. 2015. “Low Risk of 
Seroconversion or Clinical Disease in Humans after a Bite by an Anaplasma Phagocytophilum-
Infected Tick.” Ticks and Tick-Borne Diseases 6(6):787–92. 

Henttonen H. 2018. Tauteja Luonnosta. Metsäkustannus Oy. 
Hildebrandt, Anke, Annetta Zintl, Estrella Montero, Klaus Peter Hunfeld, and Jeremy Gray. 2021. 

“Human Babesiosis in Europe.” Pathogens 10(9):1165. 
Hillyard, PD. 1996. Ticks of North-West Europe. Field Studies Council. 
Hjetland, Reidar, Roy M. Nilsen, Nils Grude, and Elling Ulvestad. 2014. “Seroprevalence of Antibodies 

to Borrelia Burgdorferi Sensu Lato in Healthy Adults from Western Norway: Risk Factors and 
Methodological Aspects.” APMIS : Acta Pathologica, Microbiologica, et Immunologica 
Scandinavica 122(11):1114–24. 

Hjetland, Reidar, Harald Reiso, Camilla Ihlebæk, Roy M. Nilsen, Nils Grude, and Elling Ulvestad. 
2015. “Subjective Health Complaints Are Not Associated with Tick Bites or Antibodies to Borrelia 
Burgdorferi Sensu Lato in Blood Donors in Western Norway: A Cross-Sectional Study.” BMC 
Public Health 15(1):1–8. 

Hoeve-Bakker, B. J. A., K. Kerkhof, M. Heron, S. F. T. Thijsen, and T. van Gorkom. 2024. “Evaluation 
of Different Standard and Modified Two-Tier Testing Strategies for the Laboratory Diagnosis of 
Lyme Borreliosis in a European Setting.” European Journal of Clinical Microbiology and 
Infectious Diseases 1–10. 

Hohenthal, Ulla, Jessica Tikkala, Varpu Rinne, Riikka Österback, Anniina Keskitalo, Annukka 
Pietikäinen, and Jukka Hytönen. 2025. “Clinical Picture and Outcome of the First Identified Case 
of Human Neoehrlichia Mikurensis Infection in Finland.” Ticks and Tick-Borne Diseases 
16(1):102395. 

Hokynar, Kati, Jani J. Sormunen, Eero J. Vesterinen, Esa K. Partio, Thomas Lilley, Veera Timonen, 
Jaana Panelius, Annamari Ranki, and Mirja Puolakkainen. 2016. “Chlamydia-like Organisms 
(CLOs) in Finnish Ixodes Ricinus Ticks and Human Skin.” Microorganisms 4(3):28. 

Homer, Mary J., Irma Aguilar-Delfin, Sam R. TelfordIII, Peter J. Krause, and David H. Persing. 2000. 
“Babesiosis.” Clinical Microbiology Reviews 13(3):451–69. 

Hoornstra, Dieuwertje, Tal Azagi, Jacqueline A. van Eck, Alex Wagemakers, Joris Koetsveld, René 
Spijker, Alexander E. Platonov, Hein Sprong, and Joppe W. Hovius. 2022. “Prevalence and 
Clinical Manifestation of Borrelia Miyamotoi in Ixodes Ticks and Humans in the Northern 
Hemisphere: A Systematic Review and Meta-Analysis.” The Lancet Microbe 3(10):e772–86. 

Horn, Elizabeth J., George Dempsey, Anna M. Schotthoefer, Matthew McArdle, Allison F. Weber, 
Cathy De Luca, Bobbi S. Pritt, and Elizabeth L. Maloney. 2025. “Lyme Disease Biobank: 10 Years 
of 3 Month Follow-up Visits from 2014 to 2023.” Frontiers in Medicine 12:1577936. 

Hornok, Sándor, Dávid Kováts, Gábor Horváth, Jenő Kontschán, and Róbert Farkas. 2020. “Checklist 
of the Hard Tick (Acari: Ixodidae) Fauna of Hungary with Emphasis on Host-Associations and the 
Emergence of Rhipicephalus Sanguineus.” Experimental and Applied Acarology 80(3):311–28. 

Horowitz, Harold W., Maria E. Aguero-Rosenfeld, Diane Holmgren, Donna McKenna, Ira Schwartz, 
Mary E. Cox, and Gary P. Wormser. 2013. “Lyme Disease and Human Granulocytic Anaplasmosis 
Coinfection: Impact of Case Definition on Coinfection Rates and Illness Severity.” Clinical 
Infectious Diseases 56(1):93–99. 

Hovius, J. W., B. de Wever, M. Sohne, M. C. Brouwer, J. Coumou, A. Wagemakers, A. Oei, H. Knol, 
S. Narasimhan, C. J. Hodiamont, S. Jahfari, S. T. Pals, H. M. Horlings, E. Fikrig, H. Sprong, and 



References 

 77 

M. H. van Oers. 2013. “A Case of Meningoencephalitis by the Relapsing Fever Spirochaete 
Borrelia Miyamotoi in Europe.” Lancet (London, England) 382(9892):658(9892). 

Hu, Renjie, and Wayne A. Rowley. 2000. “Relationship Between Weights of the Engorged Nymphal 
Stage and Resultant Sexes in Ixodes Scapularis and Dermacentor Variabilis (Acari: Ixodidae) 
Ticks.” Journal of Medical Entomology 37(1):198–200. 

Huegli, Delphine, Jacqueline Moret, Olivier Rais, Yves Moosmann, Philippe Erard, Raffaele 
Malinverni, and Lise Gern. 2011. “Prospective Study on the Incidence of Infection by Borrelia 
Burgdorferi Sensu Lato after a Tick Bite in a Highly Endemic Area of Switzerland.” Ticks and 
Tick-Borne Diseases 2(3):129–36. 

Hunfeld, K. P., A. Hildebrandt, and J. S. Gray. 2008. “Babesiosis: Recent Insights into an Ancient 
Disease.” International Journal for Parasitology 38(11):1219–37. 

Ivacic, Lynn, Kurt D. Reed, Paul D. Mitchell, and Nader Ghebranious. 2007. “A LightCycler TaqMan 
Assay for Detection of Borrelia Burgdorferi Sensu Lato in Clinical Samples.” Diagnostic 
Microbiology and Infectious Disease 57(2):137–43. 

Ivanova, Anna, Julia Geller, Olga Katargina, Kairi Värv, Åke Lundkvist, and Irina Golovljova. 2017. 
“Detection of Candidatus Neoehrlichia Mikurensis and Ehrlichia Muris in Estonian Ticks.” Ticks 
and Tick-Borne Diseases 8(1):13–17. 

Jääskeläinen, Anu E., Tarja Sironen, Galina B. Murueva, Nataliya Subbotina, Andrey N. Alekseev, 
Janne Castrén, Ilkka Alitalo, Antti Vaheri, and Olli Vapalahti. 2010. “Tick-Borne Encephalitis 
Virus in Ticks in Finland, Russian Karelia and Buryatia.” Journal of General Virology 
91(11):2706–12. 

Jääskeläinen, Anu E., Tapani Tikkakoski, Nathalie Y. Uzcátegui, Andrey N. Alekseev, Antti Vaheri, 
and Olli Vapalahti. 2006. “Siberian Subtype Tickborne Encephalitis Virus, Finland.” Emerg Infect 
Dis 12(10):1568–71. 

Jääskeläinen, Anu E., Elina Tonteri, Tarja Sironen, Laura Pakarinen, Antti Vaheri, and Olli Vapalahti. 
2011. “European Subtype Tick-Borne Encephalitis Virus in Ixodes Persulcatus Ticks.” Emerging 
Infectious Diseases 17(2):323–26. 

Jääskeläinen, Anu, Elina Tonteri, Ilkka Pieninkeroinen, Tarja Sironen, Liina Voutilainen, Markku 
Kuusi, Antti Vaheri, and Olli Vapalahti. 2016. “Siberian Subtype Tick-Borne Encephalitis Virus 
in Ixodes Ricinus in a Newly Emerged Focus, Finland.” Ticks and Tick-Borne Diseases 7(1):216–
23. 

Jado, I., J. A. Oteo, M. Aldamiz, H. Gil, R. Escudero, V. Ibarra, J. Portu, A. Portillo, M. J. Lezaun, C. 
Garcia-Amil, I. Rodriguez-Moreno, and P. Anda. 2007. “Rickettsia Monacensis and Human 
Disease, Spain.” Emerging Infectious Diseases 13(9):1405–7. 

Jaenson, T. G. T., L. Talleklint, L. Lundqvist, B. Olsen, J. Chirico, and H. Mejlon. 1994. “Geographical-
Distribution, Host Associations, and Vector Roles of Ticks (Acari, Ixodidae, Argasidae) in 
Sweden.” Journal of Medical Entomology 31(2):240–56. 

Jaenson, Thomas G. T., Marika Hjertqvist, Tomas Bergstrom, and Ake Lundkvist. 2012. “Why Is Tick-
Borne Encephalitis Increasing? A Review of the Key Factors Causing the Increasing Incidence of 
Human TBE in Sweden.” Parasites & Vectors 5:184. 

Jaenson, Thomas G. T., David G. E. Jaenson, Lars Eisen, Erik Petersson, and Elisabet Lindgren. 2012. 
“Changes in the Geographical Distribution and Abundance of the Tick Ixodes Ricinus during the 
Past 30 Years in Sweden.” Parasites & Vectors 5:8. 

Jaenson, Thomas G. T., and Elisabet Lindgren. 2011. “The Range of Ixodes Ricinus and the Risk of 
Contracting Lyme Borreliosis Will Increase Northwards When the Vegetation Period Becomes 
Longer.” Ticks and Tick-Borne Diseases 2(1):44–49. 

Jaenson, Thomas G. T., Erik H. Petersson, David G. E. Jaenson, Jonas Kindberg, John H. O. Pettersson, 
Marika Hjertqvist, Jolyon M. Medlock, and Hans Bengtsson. 2018. “The Importance of Wildlife 
in the Ecology and Epidemiology of the TBE Virus in Sweden: Incidence of Human TBE 
Correlates with Abundance of Deer and Hares.” Parasites & Vectors 2018 11:1 11(1):1–18. 



Maija Lamppu 

78 

Jaenson, Thomas G. T., Kairi Värv, Isabella Fröjdman, Anu Jääskeläinen, Kaj Rundgren, Veerle 
Versteirt, Agustín Estrada-Peña, Jolyon M. Medlock, and Irina Golovljova. 2016. “First Evidence 
of Established Populations of the Taiga Tick Ixodes Persulcatus (Acari: Ixodidae) in Sweden.” 
Parasites & Vectors 9(1):1. 

Jahfari, Setareh, Aleksandra Krawczyk, E. Claudia Coipan, Manoj Fonville, Joppe W. Hovius, Hein 
Sprong, and Katsuhisa Takumi. 2017. “Enzootic Origins for Clinical Manifestations of Lyme 
Borreliosis.” Infection, Genetics and Evolution 49:48–54. 

Jenkins, Andrew, Dag Hvidsten, Andreas Matussek, Per-Eric Lindgren, Snorre Stuen, and Bjørn-Erik 
Kristiansen. 2012. “Borrelia Burgdorferi Sensu Lato in Ixodes Ricinus Ticks from Norway: 
Evaluation of a PCR Test Targeting the Chromosomal FlaB Gene.” Experimental and Applied 
Acarology 58(4):431–39. 

Jensen, Bo Bødker, Nanna Skaarup Andersen, Silke Wölfel, Ming Chen, Helene M. Paarup, Carsten 
Riis Olesen, Pierre Edouard Fournier, Per Moestrup Jensen, and Sigurdur Skarphedinsson. 2023. 
“Rickettsiosis in Denmark: A Nation-Wide Survey.” Ticks and Tick-Borne Diseases 14(6):102236. 

Jia, Na, Yuan-Chun Zheng, Jia-Fu Jiang, Lan Ma, and Wu-Chun Cao. 2013. “Human Infection with 
Candidatus Rickettsia Tarasevichiae.” New England Journal of Medicine 369(12):1178–80. 

Jiang, Jia-Fu, Yuan-Chun Zheng, Rui-Ruo Jiang, Hao Li, Qiu-Bo Huo, Bao-Gui Jiang, Yi Sun, Na Jia, 
Ya-Wei Wang, and Lan Ma. 2015. “Epidemiological, Clinical, and Laboratory Characteristics of 
48 Cases of ‘Babesia Venatorum’ Infection in China: A Descriptive Study.” The Lancet Infectious 
Diseases 15(2):196–203. 

Johansson, Marcus, Lena Manfredsson, Annika Wistedt, Lena Serrander, and Ivar Tjernberg. 2017. 
“Significant Variations in the Seroprevalence of C6 ELISA Antibodies in a Highly Endemic Area 
for Lyme Borreliosis: Evaluation of Age, Sex and Seasonal Differences.” APMIS 125(5):476–81. 

Jongejan, F., and G. Uilenberg. 2004. “The Global Importance of Ticks.” Parasitology 129(S1):S3–14. 
doi:10.1017/S0031182004005967. 

Jore, Solveig, Hildegunn Viljugrein, Merete Hofshagen, Hege Brun-Hansen, Anja B. Kristoffersen, 
Karin Nygård, Edgar Brun, Preben Ottesen, Bente K. Sævik, and Bjørnar Ytrehus. 2011. “Multi-
Source Analysis Reveals Latitudinal and Altitudinal Shifts in Range of Ixodes Ricinus at Its 
Northern Distribution Limit.” Parasites and Vectors 4(1):1–11. 

Junttila, J., M. Peltomaa, H. Soini, M. Marjamaki, and M. K. Viljanen. 1999. “Prevalence of Borrelia 
Burgdorferi in Ixodes Ricinus Ticks in Urban Recreational Areas of Helsinki.” Journal of Clinical 
Microbiology 37(5):1361–65. 

Kahl, Olaf. 2018. “Hard Ticks as Vectors—Some Basic Issues.” Wiener Klinische Wochenschrift 
130(15–16):479–83. 

Kahl, Olaf, and Jeremy S. Gray. 2023. “The Biology of Ixodes Ricinus with Emphasis on Its Ecology.” 
Ticks and Tick-Borne Diseases 14(2):102114. 

Kalish, Robert A., Gail McHugh, John Granquist, Barry Shea, Robin Ruthazer, and Allen C. Steere. 
2001. “Persistence of Immunoglobulin M or Immunoglobulin G Antibody Responses to Borrelia 
Burgdorferi 10-20 Years after Active Lyme Disease.” Clinical Infectious Diseases 33(6):780–85. 

Kallio, Eva R., Michael Begon, Richard J. Birtles, Kevin J. Bown, Esa Koskela, Tapio Mappes, and 
Phillip C. Watts. 2014. “First Report of Anaplasma Phagocytophilum and Babesia Microti in 
Rodents in Finland.” Vector-Borne and Zoonotic Diseases 14(6):389–93. 

Karlsson, Maria E., and Martin O. Andersson. 2016. “Babesia Species in Questing Ixodes Ricinus, 
Sweden.” Ticks and Tick-Borne Diseases 7(1):10–12. 

Katargina, Olga, Julia Geller, Anna Ivanova, Kairi Värv, Valentina Tefanova, Sirkka Vene, Åke 
Lundkvist, and Irina Golovljova. 2015. “Detection and Identification of Rickettsia Species in 
Ixodes Tick Populations from Estonia.” Ticks and Tick-Borne Diseases 6(6):689–94. 

Katargina, Olga, Julia Geller, Veera Vasilenko, Tatiana Kuznetsova, Lilian Järvekülg, Sirkka Vene, 
Åke Lundkvist, and Irina Golovljova. 2011. “Detection and Characterization of Babesia Species 
in Ixodes Ticks in Estonia.” Vector-Borne and Zoonotic Diseases 11(7):923–28. 



References 

 79 

Katargina, Olga, Stanislava Russakova, Julia Geller, Macije Kondrusik, Joanna Zajkowska, Milda 
Zygutiene, Antra Bormane, Julia Trofimova, and Irina Golovljova. 2013. “Detection and 
Characterization of Tick-Borne Encephalitis Virus in Baltic Countries and Eastern Poland.” Plos 
One 8(5):e61374–e61374. 

Kazarina, Alisa, Kristine Japiņa, Oskars Keišs, Ineta Salmane, Dace Bandere, Valentina Capligina, and 
Renate Ranka. 2015. “Detection of Tick-Borne Encephalitis Virus in I. Ricinus Ticks Collected 
from Autumn Migratory Birds in Latvia.” Ticks and Tick-Borne Diseases 6(2):178–80. 

Keim, Paul, Anders Johansson, and David M. Wagner. 2007. “Molecular Epidemiology, Evolution, and 
Ecology of Francisella.” Annals of the New York Academy of Sciences 1105(1):30–66. 

Kekkonen, Jaana, Mikael Wikström, and Jon E. Brommer. 2012. “Heterozygosity in an Isolated 
Population of a Large Mammal Founded by Four Individuals Is Predicted by an Individual-Based 
Genetic Model.” PLoS One 7(9):e43482. 

Kjelland, Vivian, Katrine M. Paulsen, Rikke Rollum, Andrew Jenkins, Snorre Stuen, Arnulf Soleng, 
Kristin S. Edgar, Heidi H. Lindstedt, Kirsti Vaino, and Moustafa Gibory. 2018. “Tick-Borne 
Encephalitis Virus, Borrelia Burgdorferi Sensu Lato, Borrelia Miyamotoi, Anaplasma 
Phagocytophilum and Candidatus Neoehrlichia Mikurensis in Ixodes Ricinus Ticks Collected from 
Recreational Islands in Southern Norway.” Ticks and Tick-Borne Diseases. 

Kjellander, Pia L., Malin Aronsson, Ulrika A. Bergvall, Josep L. Carrasco, Madeleine Christensson, 
Per Eric Lindgren, Mikael Åkesson, and Petter Kjellander. 2021. “Validating a Common Tick 
Survey Method: Cloth-Dragging and Line Transects.” Experimental and Applied Acarology 
83(1):131–46. 

Klemola, Tero, Jani J. Sormunen, Janka Mojzer, Satu Mäkelä, and Eero J. Vesterinen. 2019. “High 
Tick Abundance and Diversity of Tick-Borne Pathogens in a Finnish City.” Urban Ecosystems 
22(5):817–26. 

Knekt, Paul, Harri Rissanen, Ritva Järvinen, and Markku Heliövaara. 2017. “Cohort Profile: The 
Finnish Mobile Clinic Health Surveys FMC, FMCF and MFS.” International Journal of 
Epidemiology 46(6):1760–61. 

Kokkonen Amalia. 2022. “The Effect of Population Densities of White-Tailed Deer and Roe Deer on 
Ixodes Ricinus Tick Prevalence and Tick-Borne Pathogen Prevalence near Feeding and Control 
Areas.” University of Turku. 

Korenberg, E. I. 1994. “Comparative Ecology and Epidemiology of Lyme Disease and Tick-Borne 
Encephalitis in the Former Soviet Union.” Parasitology Today 10(4):157–60. 

Korenberg, E. I., M. B. Sirotkin, and Yu. V. Kovalevskii. 2021. “Adaptive Features of the Biology of 
Closely Related Species of Ixodid Ticks That Determine Their Distribution (Illustrated on the 
Example of the Taiga Tick Ixodes Persulcatus Sch. 1930 and the Castor Bean Tick Ixodes Ricinus 
L. 1758).” Biology Bulletin Reviews 2021 11:6 11(6):602–15. 

Korenberg, Edward I. 2000. “Seasonal Population Dynamics of Ixodes Ticks and Tick-Borne 
Encephalitis Virus.” Experimental & Applied Acarology 24(9):665–81. 

Korenberg, Edward I., Yurii V Kovalevskii, Michael L. Levin, and Tatyana V Shchyogoleva. 2001. 
“The Prevalence of Borrelia Burgdorferi Sensu Lato in Ixodes Persulcatus and I. Ricinus Ticks in 
the Zone of Their Sympatry.” Folia Parasitologica 48(1):63–68. 

Korhonen, E. M., C. Perez Vera, A. T. Pulliainen, T. Sironen, K. Aaltonen, R. Kortet, L. Härkönen, S. 
Härkönen, T. Paakkonen, P. Nieminen, A. M. Mustonen, H. Ylönen, and O. Vapalahti. 2015. 
“Molecular Detection of Bartonella Spp. in Deer Ked Pupae, Adult Keds and Moose Blood in 
Finland.” Epidemiology & Infection 143(3):578–85. 

Körner, Sophia, Gustavo R. Makert, Sebastian Ulbert, Martin Pfeffer, and Katja Mertens-Scholz. 2021. 
“The Prevalence of Coxiella Burnetii in Hard Ticks in Europe and Their Role in Q Fever 
Transmission Revisited—A Systematic Review.” Frontiers in Veterinary Science 8:655715. 

Kovalev, Sergey Y., Irina Golovljova, and Tatyana A. Mukhacheva. 2016. “Natural Hybridization 
between Ixodes Ricinus and Ixodes Persulcatus Ticks Evidenced by Molecular Genetics Methods.” 
Ticks and Tick-Borne Diseases 7(1):113–18. 



Maija Lamppu 

80 

Kovalevskii, Yurii V, and Edward I. Korenberg. 1995. “Differences in Borrelia Infections in Adult 
Ixodes Persulcatus and Ixodes Ricinus Ticks (Acari: Ixodidae) in Populations of North-Western 
Russia.” Experimental & Applied Acarology 19(1):19–29. 

Krause, Peter J. 2019. “Human Babesiosis.” International Journal for Parasitology 49(2):165–74. 
Krause, Peter J., Kathleen McKay, Charles A. Thompson, Vijay K. Sikand, Ronald Lentz, Timothy 

Lepore, Linda Closter, Diane Christianson, Sam R. Telford, David Persing, Justin D. Radolf, 
Andrew Spielman, Richard Pollack, Raymond Ryan, Kathie Freeman, Timothy Sullivan, Richard 
Geller, Jaber Aslanzadeh, Mike Clawson, Mellisa Ciamano, Patricio Tomas, Jonathan Covault, 
Juan Salazar, Pamela Fall, Christine Abreu, and Tracey Urso. 2002. “Disease-Specific Diagnosis 
of Coinfecting Tickborne Zoonoses: Babesiosis, Human Granulocytic Ehrlichiosis, and Lyme 
Disease.” Clinical Infectious Diseases 34(9):1184–91. 

Krause, Peter J., Sam R. Telford, Andrew Spielman, Vijay Sikand, Raymond Ryan, Diane Christianson, 
Georgine Burke, Peter Brassard, Richard Pollack, Judith Peck, and David H. Persing. 1996. 
“Concurrent Lyme Disease and Babesiosis: Evidence for Increased Severity and Duration of 
Illness.” JAMA 275(21):1657–60. 

Kříž, Bohumír, Marek Malý, Pavla Balátová, Petr Kodym, Zuzana Kurzová, Milan Daniel, and Kateřina 
Kybicová. 2018. “A Serological Study of Antibodies to Anaplasma Phagocytophilum and Borrelia 
Burgdorferi Sensu Lato in the Sera of Healthy Individuals Collected Two Decades Apart.” Acta 
Parasitologica 63(1):33–39. 

Kubiak, Katarzyna, Magdalena Szczotko, and Małgorzata Dmitryjuk. 2021. “Borrelia Miyamotoi—An 
Emerging Human Tick-Borne Pathogen in Europe.” Microorganisms 2021, Vol. 9, Page 154 
9(1):154. doi:10.3390/MICROORGANISMS9010154. 

Kugeler, Kiersten J., Paul S. Mead, Amy M. Schwartz, and Alison F. Hinckley. 2022. “Changing 
Trends in Age and Sex Distributions of Lyme Disease—United States, 1992-2016.” Public Health 
Reports 137(4):655–59. 

Kuivanen, Suvi, Lev Levanov, Lauri Kareinen, Tarja Sironen, Anne J. Jääskeläinen, Ilya Plyusnin, 
Fathiah Zakham, Petra Emmerich, Jonas Schmidt-Chanasit, Jussi Hepojoki, Teemu Smura, and 
Olli Vapalahti. 2019. “Detection of Novel Tick-Borne Pathogen, Alongshan Virus, in Ixodes 
Ricinus Ticks, South-Eastern Finland, 2019.” Eurosurveillance 24(27):1900394. 
doi:10.2807/1560-7917.ES.2019.24.27.1900394. 

Kulha, Niko, Kalle Ruokolainen, Eero J. Vesterinen, Maija Lamppu, Tero Klemola, and Jani J. 
Sormunen. 2022. “Does Environmental Adaptation or Dispersal History Explain the Geographical 
Distribution of Ixodes Ricinus and Ixodes Persulcatus Ticks in Finland?” Ecology and Evolution 
12(12):e9538. 

Kurtenbach, Klaus, Klára Hanincová, Jean I. Tsao, Gabriele Margos, Durland Fish, and Nicholas H. 
Ogden. 2006. “Fundamental Processes in the Evolutionary Ecology of Lyme Borreliosis.” Nature 
Reviews Microbiology 4(9):660–69. 

Laakkonen, Juha, Juhani Terhivuo, Eili Huhtamo, Olli Vapalahti, and Nathalie Y. Uzcátegui. 2009. 
“First Report of Ixodes Frontalis (Acari: Ixodidae) in Finland, an Example of Foreign Tick Species 
Transported by a Migratory Bird.” Memoranda Societatis pro Fauna et Flora Fennica 2. 

Laaksonen, Maija. 2016. “Puutiaisten (Ixodes Spp.) Levinneisyys Suomessa Vuonna 2014.” University 
of Turku. 

Lager, Malin, Yousif Alkattan, Amanda Sandbacka Karlsson, Louise Fernström, Anna Grankvist, 
Christine Wennerås, Marika Nordberg, Dag Nyman, Per-Eric Lindgren, Pia Forsberg, Peter 
Wilhelmsson, and Anna J. Henningsson. 2025. “Spiroplasma Ixodetis in Ticks Removed from 
Humans, Sweden and Åland Islands, Finland.” Emerging Infectious Diseases 31(11):2159–62. 
doi:10.3201/EID3111.250545. 

Lamsal, Alaka, Kristin Skarsfjord Edgar, Andrew Jenkins, Hans Renssen, Lene Jung Kjær, Kristian 
Alfsnes, Srijana Bastakoti, Malene Dieseth, Kirstine Klitgaard, Heidi Elisabeth H. Lindstedt, 
Katrine M. Paulsen, Rose Vikse, Lars Korslund, Vivian Kjelland, Snorre Stuen, Petter Kjellander, 
Madeleine Christensson, Malin Teräväinen, Laura Mark Jensen, Manoj Regmi, Dhiraj Giri, Leif 



References 

 81 

Marsteen, René Bødker, Arnulf Soleng, and Åshild Kristine Andreassen. 2023. “Prevalence of 
Tick-Borne Encephalitis Virus in Questing Ixodes Ricinus Nymphs in Southern Scandinavia and 
the Possible Influence of Meteorological Factors.” Zoonoses and Public Health 70(6):473–84. 

Larsen, Astri Lervik, Anita Kanestrom, Marthe Bjorland, Åshild Andreassen, Arnulf Soleng, Sirkka 
Vene, and Susanne G. Dudman. 2014. “Detection of Specific IgG Antibodies in Blood Donors and 
Tick-Borne Encephalitis Virus in Ticks within a Non-Endemic Area in Southeast Norway.” 
Scandinavian Journal of Infectious Diseases 46(3):181–84. 

Latva, Otto. 2017. “From Harmless Nuisance to Frightening Enemy: The Perceptions of Ticks in 
Finland before the Beginning of the Tick Hysteria in the 1990s.” Brill’s Series in the History of 
the Environment 6.1(147). 

Lavsund, Sten, Tuire Nygrén, and Erling J. Solberg. 2003. “Status of Moose Populations and 
Challenges to Moose Management in Fennoscandia.” Alces 39(10). 

Leonovich, S. A. 2020. “Structure of Haller’s Organ and Taxonomy of Hard Ticks of the Subfamily 
Ixodinae (Family Ixodidae).” Entomological Review 100(9):1387–1401. 

Lindblom, Anders, Katarina Wallménius, Johanna Sjöwall, Linda Fryland, Peter Wilhelmsson, Per Eric 
Lindgren, Pia Forsberg, and Kenneth Nilsson. 2016. “Prevalence of Rickettsia Spp. in Ticks and 
Serological and Clinical Outcomes in Tick-Bitten Individuals in Sweden and on the Åland 
Islands.” PLOS ONE 11(11):e0166653. 

Lindgren, E., L. Talleklint, and T. Polfeldt. 2000. “Impact of Climatic Change on the Northern Latitude 
Limit and Population Density of the Disease-Transmitting European Tick Ixodes Ricinus.” 
Environmental Health Perspectives 108(2):119–23. 

Lindgren, Elisabet, and Thomas G. T. Jaenson. 2006. Lyme Borreliosis in Europe: Influences of Climate 
and Climate Change, Epidemiology, Ecology and Adaptation Measures. WHO Regional Office 
for Europe. 

Lindquist, Lars, and Olli Vapalahti. 2008. “Tick-Borne Encephalitis.” The Lancet 371(9627):1861–71. 
Luttrell, M. P., K. Nakagaki, E. W. Howerth, D. E. Stallknecht, and K. A. Lee. 1994. “Experimental 

Infection of Borrelia Burgdorferi in White-Tailed Deer.” Journal of Wildlife Diseases 30(2):146–
54. 

Madison-Antenucci, Susan, Laura D. Kramer, Linda L. Gebhardt, and Elizabeth Kauffman. 2020. 
“Emerging Tick-Borne Diseases.” Clinical Microbiology Reviews 33(2). 
doi:10.1128/CMR.00083-18;ISSUE:ISSUE:DOI. 

Mair, Louise, and Alejandro Ruete. 2016. “Explaining Spatial Variation in the Recording Effort of 
Citizen Science Data across Multiple Taxa.” PLOS ONE 11(1):e0147796. 

Mäkinen, Johanna, Ilppo Vuorinen, Jarmo Oksi, Miikka Peltomaa, Qiushui He, Merja Marjamäki, and 
Matti K. Viljanen. 2003. “Prevalence of Granulocytic Ehrlichia and Borrelia Burgdorferi Sensu 
Lato in Ixodes Ricinus Ticks Collected from Southwestern Finland and from Vormsi Island in 
Estonia.” APMIS 111(2):355–62. 

Malandrin, Laurence, Maggy Jouglin, Yi Sun, Nadine Brisseau, and Alain Chauvin. 2010. 
“Redescription of Babesia Capreoli (Enigk and Friedhoff, 1962) from Roe Deer (Capreolus 
Capreolus): Isolation, Cultivation, Host Specificity, Molecular Characterisation and 
Differentiation from Babesia Divergens.” International Journal for Parasitology 40(3):277–84. 

Marangoni, Antonella, Vittorio Sambri, Silvia Accardo, Francesca Cavrini, Valeria Mondardini, 
Alessandra Moroni, Elisa Storni, and Roberto Cevenini. 2006. “A Decrease in the Immunoglobulin 
G Antibody Response against the VlsE Protein of Borrelia Burgdorferi Sensu Lato Correlates with 
the Resolution of Clinical Signs in Antibiotic-Treated Patients with Early Lyme Disease.” Clinical 
and Vaccine Immunology 13(4):525–29. 

Margos, Gabriele, Andreas Sing, and Volker Fingerle. 2017. “Published Data Do Not Support the 
Notion That Borrelia Valaisiana Is Human Pathogenic.” Infection 45(4):567–69. 

Marques, Adriana R. 2015. “Laboratory Diagnosis of Lyme Disease - Advances and Challenges.” 
Infectious Disease Clinics of North America 29(2):295. doi:10.1016/J.IDC.2015.02.005. 



Maija Lamppu 

82 

Marques, Adriana R., Franc Strle, and Gary P. Wormser. 2021. “Comparison of Lyme Disease in the 
United States and Europe.” Emerging Infectious Diseases 27(8):2017. 

Marsot, M., P. Y. Henry, G. Vourc’h, P. Gasqui, E. Ferquel, J. Laignel, M. Grysan, and J. L. Chapuis. 
2012. “Which Forest Bird Species Are the Main Hosts of the Tick, Ixodes Ricinus, the Vector of 
Borrelia Burgdorferi Sensu Lato, during the Breeding Season?” International Journal for 
Parasitology 42(8):781–88. 

Marvik, Åshild, Yngvar Tveten, Anne Berit Pedersen, Karin Stiasny, Åshild Kristine Andreassen, and 
Nils Grude. 2021. “Low Prevalence of Tick-Borne Encephalitis Virus Antibodies in Norwegian 
Blood Donors.” Infectious Diseases 53(1):44–51. 

Maurin, Max, and Miklós Gyuranecz. 2016. “Tularaemia: Clinical Aspects in Europe.” The Lancet 
Infectious Diseases 16(1):113–24. 

May, Kathrin, and Christina Strube. 2014. “Prevalence of Rickettsiales (Anaplasma Phagocytophilum 
and Rickettsia Spp.) in Hard Ticks (Ixodes Ricinus) in the City of Hamburg, Germany.” 
Parasitology Research 113(6):2169–75. 

Mead, Paul. 2022. “Epidemiology of Lyme Disease.” Infectious Disease Clinics of North America 
36(3):495–521. 

Medlock, Jolyon M., Kayleigh M. Hansford, Antra Bormane, Marketa Derdakova, Agustín Estrada-
Peña, Jean-Claude George, Irina Golovljova, Thomas G. T. Jaenson, Jens-Kjeld Jensen, and Per 
M. Jensen. 2013. “Driving Forces for Changes in Geographical Distribution of Ixodes Ricinus 
Ticks in Europe.” Parasites & Vectors 6(1):1–11. 

Mejlon, Hans A., and Thomas G. T. Jaenson. 1993. “Seasonal Prevalence of Borrelia Burgdorferi in 
Ixodes Ricinus in Different Vegetation Types in Sweden.” Scandinavian Journal of Infectious 
Diseases 25(4):449–56. 

Mikkonen, S., M. Laine, H. M. Mäkelä, H. Gregow, H. Tuomenvirta, M. Lahtinen, and A. Laaksonen. 
2015. “Trends in the Average Temperature in Finland, 1847–2013.” Stochastic Environmental 
Research and Risk Assessment 29(6):1521–29. 

Moore, Thomas C., Laura A. Pulscher, Luke Caddell, Michael E. von Fricken, Benjamin D. Anderson, 
Battsetseg Gonchigoo, and Gregory C. Gray. 2018. “Evidence for Transovarial Transmission of 
Tick-Borne Rickettsiae Circulating in Northern Mongolia.” PLOS Neglected Tropical Diseases 
12(8):e0006696. 

Movila, Alexandru, Helen V. Dubinina, Natalia Sitnicova, Liubov Bespyatova, Inga Uspenskaia, 
Galina Efremova, Ion Toderas, and Andrey N. Alekseev. 2014. “Comparison of Tick-Borne 
Microorganism Communities in Ixodes Spp. of the Ixodes Ricinus Species Complex at Distinct 
Geographical Regions.” Experimental and Applied Acarology 63(1):65–76. 

Nebbak, A., H. Dahmana, Lionel Almeras, Didier Raoult, Nathalie Boulanger, Benoit Jaulhac, Oleg 
Mediannikov, and Philippe Parola. 2019. “Co-Infection of Bacteria and Protozoan Parasites in 
Ixodes Ricinus Nymphs Collected in the Alsace Region, France.” Ticks and Tick-Borne Diseases 
10(6):101241. 

Newman, Erica A., Lars Eisen, Rebecca J. Eisen, Natalia Fedorova, Jeomhee M. Hasty, Charles 
Vaughn, and Robert S. Lane. 2015. “Borrelia Burgdorferi Sensu Lato Spirochetes in Wild Birds 
in Northwestern California: Associations with Ecological Factors, Bird Behavior and Tick 
Infestation.” PLoS ONE 10(2). 

Norman, R., R. G. Bowers, M. Begon, and P. J. Hudson. 1999. “Persistence of Tick-Borne Virus in the 
Presence of Multiple Host Species: Tick Reservoirs and Parasite Mediated Competition.” Journal 
of Theoretical Biology 200(1):111–18. 

Nuttall, Patricia A. 2019. “Wonders of Tick Saliva.” Ticks and Tick-Borne Diseases 10(2):470–81. 
Ogden, Nicholas. 2013. “Changing Geographic Ranges of Ticks and Tick-Borne Pathogens: Drivers, 

Mechanisms and Consequences for Pathogen Diversity.” Frontiers in Cellular and Infection 
Microbiology 3:46. 



References 

 83 

Ogden, Nicholas H., C. Ben Beard, Howard S. Ginsberg, and Jean I. Tsao. 2021. “Possible Effects of 
Climate Change on Ixodid Ticks and the Pathogens They Transmit: Predictions and Observations.” 
Journal of Medical Entomology 58(4):1536–45. 

Ogden, Nick H., and L. Robbin Lindsay. 2016. “Effects of Climate and Climate Change on Vectors and 
Vector-Borne Diseases: Ticks Are Different.” Trends in Parasitology 32(8):646–56. 

Öhman, Christina. 1961. The Geographical and Topographical Distribution of Ixodes Ricinus in 
Finland. Societas pro fauna et flora Fennica. 

Olsen, B., T. G. T. Jaenson, and S. Bergström. 1995. “Prevalence of Borrelia Burgdorferi Sensu Lato-
Infected Ticks on Migrating Birds.” Applied and Environmental Microbiology 61(8):3082–87. 

Omazic, Anna, Seungeun Han, Ann Albihn, Karin Ullman, Phimphanit Choklikitumnuey, Debora 
Perissinotto, and Giulio Grandi. 2023. “Ixodid Tick Species Found in Northern Sweden – Data 
from a Frontier Area.” Ticks and Tick-Borne Diseases 14(6):102244. 

O’Neill, Xander, Andy White, Christian Gortázar, and Francisco Ruiz-Fons. 2023. “The Impact of Host 
Abundance on the Epidemiology of Tick-Borne Infection.” Bulletin of Mathematical Biology 
85(4):1–22. 

Påhlson, Carl, Xi Lu, Marjam Ott, and Kenneth Nilsson. 2021. “Characteristics of in Vitro Infection of 
Human Monocytes, by Rickettsia Helvetica.” Microbes and Infection 23(2–3):104776. 

Pakanen, Veli Matti, Jani J. Sormunen, Ella Sippola, Donald Blomqvist, and Eva R. Kallio. 2020. 
“Questing Abundance of Adult Taiga Ticks Ixodes Persulcatus and Their Borrelia Prevalence at 
the North-Western Part of Their Distribution.” Parasites and Vectors 13(1):1–9. 

Paris, Daniel H., and J. Stephen Dumler. 2016. “State of the Art of Diagnosis of Rickettsial Diseases: 
The Use of Blood Specimens for Diagnosis of Scrub Typhus, Spotted Fever Group Rickettsiosis, 
and Murine Typhus.” Current Opinion in Infectious Diseases 29(5):433–39. 

Parola, P., C. D. Paddock, C. Socolovschi, M. B. Labruna, O. Mediannikov, T. Kernif, M. Y. Abdad, 
J. Stenos, I. Bitam, P. E. Fournier, and D. Raoult. 2013. “Update on Tick-Borne Rickettsioses 
around the World: A Geographic Approach.” Clinical Microbiology Reviews 26(4):657–702. 

Parola, Philippe, Bernard Davoust, and Didier Raoult. 2005. “Tick- and Flea-Borne Rickettsial 
Emerging Zoonoses.” Veterinary Research 36(3):469–92. 

Parola, Philippe, Christopher D. Paddock, and Didier Raoult. 2005. “Tick-Borne Rickettsioses around 
the World: Emerging Diseases Challenging Old Concepts.” Clinical Microbiology Reviews 
18(4):719–56. 

Pearson, Patrick, Connor Rich, Martin J. R. Feehan, Stephen S. Ditchkoff, and Stephen M. Rich. 2023. 
“White-Tailed Deer Serum Kills the Lyme Disease Spirochete, Borrelia Burgdorferi.” Vector-
Borne and Zoonotic Diseases 23(5):303–5. 

Perret, J. L., E. Guigoz, O. Rais, and L. Gern. 2000. “Influence of Saturation Deficit and Temperature 
on Ixodes Ricinus Tick Questing Activity in a Lyme Borreliosis-Endemic Area (Switzerland).” 
Parasitology Research 86(7):554–57. 

Perret, Jean Luc, Olivier Rais, and Lise Gern. 2004. “Influence of Climate on the Proportion of Ixodes 
Ricinus Nymphs and Adults Questing in a Tick Population.” Journal of Medical Entomology 
41(3):361–65. 

Pettersson, J. H., I. Golovljova, S. Vene, and T. G. Jaenson. 2014. “Prevalence of Tick-Borne 
Encephalitis Virus in Ixodes Ricinus Ticks in Northern Europe with Particular Reference to 
Southern Sweden.” Parasites & Vectors 7:102-3305-7–102. 

Piesman, J., T. N. Mather, R. J. Sinsky, and A. Spielman. 1987. “Duration of Tick Attachment and 
Borrelia Burgdorferi Transmission.” Journal of Clinical Microbiology 25(3):557–58. 

Pietikäinen, Annukka, Otto Glader, Elisa Kortela, Mari Kanerva, Jarmo Oksi, and Jukka Hytönen. 
2022. “Borrelia Burgdorferi Specific Serum and Cerebrospinal Fluid Antibodies in Lyme 
Neuroborreliosis.” Diagnostic Microbiology and Infectious Disease 104(3):115782. 

Platonov, Alexander E., Ludmila S. Karan, Nadezhda M. Kolyasnikova, Natalya A. Makhneva, Marina 
G. Toporkova, Victor V. Maleev, Durland Fish, and Peter J. Krause. 2011. “Humans Infected with 



Maija Lamppu 

84 

Relapsing Fever Spirochete Borrelia Miyamotoi, Russia.” Emerging Infectious Diseases 
17(10):1816. 

Portillo, Aránzazu, Laura Pérez-Martínez, Sonia Santibáñez, Paula Santibáñez, Ana M. Palomar, and 
José A. Oteo. 2011. “Anaplasma Spp. in Wild Mammals and Ixodes Ricinus from the North of 
Spain.” Vector-Borne and Zoonotic Diseases 11(1):3–8. 

Post, Eric, Richard B. Alley, Torben R. Christensen, Marc Macias-Fauria, Bruce C. Forbes, Michael N. 
Gooseff, Amy Iler, Jeffrey T. Kerby, Kristin L. Laidre, Michael E. Mann, Johan Olofsson, Julienne 
C. Stroeve, Fran Ulmer, Ross A. Virginia, and Muyin Wang. 2019. “The Polar Regions in a 2°C 
Warmer World.” Science Advances 5(12). 

Pritt, Bobbi S., Paul S. Mead, Diep K. Hoang Johnson, David F. Neitzel, Laurel B. Respicio-Kingry, 
Jeffrey P. Davis, Elizabeth Schiffman, Lynne M. Sloan, Martin E. Schriefer, Adam J. Replogle, 
Susan M. Paskewitz, Julie A. Ray, Jenna Bjork, Christopher R. Steward, Alecia Deedon, Xia Lee, 
Luke C. Kingry, Tracy K. Miller, Michelle A. Feist, Elitza S. Theel, Robin Patel, Cole L. Irish, 
and Jeannine M. Petersen. 2016. “Identification of a Novel Pathogenic Borrelia Species Causing 
Lyme Borreliosis with Unusually High Spirochaetaemia: A Descriptive Study.” The Lancet 
Infectious Diseases 16(5):556–64. 

Radolf, Justin D., Melissa J. Caimano, Brian Stevenson, and Linden T. Hu. 2012. “Of Ticks, Mice and 
Men: Understanding the Dual-Host Lifestyle of Lyme Disease Spirochaetes.” Nature Reviews 
Microbiology 10(2):87–99. 

Randolph, S. E. 2001. “The Shifting Landscape of Tick-Borne Zoonoses: Tick-Borne Encephalitis and 
Lyme Borreliosis in Europe.” Philosophical Transactions of the Royal Society of London.Series 
B, Biological Sciences 356(1411):1045–56. 

Randolph, S. E. 2004. “Tick Ecology: Processes and Patterns behind the Epidemiological Risk Posed 
by Ixodid Ticks as Vectors.” Parasitology 129(S1):S37–65. 

Randolph, S. E., R. M. Green, M. F. Peacey, and D. J. Rogers. 2000. “Seasonal Synchrony: The Key 
to Tick-Borne Encephalitis Foci Identified by Satellite Data.” Parasitology 121(1):15–23. 

Randolph, S. E., D. Miklisova, J. Lysy, D. J. Rogers, and M. Labuda. 1999. “Incidence from 
Coincidence: Patterns of Tick Infestations on Rodents Facilitate Transmission of Tick-Borne 
Encephalitis Virus.” Parasitology 118(02):177–86. 

Randolph, S. E., and D. J. Rogers. 2000. “Fragile Transmission Cycles of Tick-Borne Encephalitis 
Virus May Be Disrupted by Predicted Climate Change.” Proceedings.Biological Sciences / The 
Royal Society 267(1454):1741–44. 

Randolph, Sarah E. 2011. “Transmission of Tick-Borne Pathogens between Co-Feeding Ticks: Milan 
Labuda’s Enduring Paradigm.” Ticks and Tick-Borne Diseases 2(4):179–82. 

Rar, V. A., T. I. Epikhina, N. N. Livanova, and V. V Panov. 2011. “Genetic Diversity of Babesia in 
Ixodes Persulcatus and Small Mammals from North Ural and West Siberia, Russia.” Parasitology 
138(2):175–82. 

Rar, Vera A., Natalya N. Livanova, Victor V. Panov, Elena K. Doroschenko, Natalya M. Pukhovskaya, 
Nelya P. Vysochina, and Leonid I. Ivanov. 2010. “Genetic Diversity of Anaplasma and Ehrlichia 
in the Asian Part of Russia.” Ticks and Tick-Borne Diseases 1(1):57–65. 

Rar, Vera, and Irina Golovljova. 2011. “Anaplasma, Ehrlichia, and ‘Candidatus Neoehrlichia’ Bacteria: 
Pathogenicity, Biodiversity, and Molecular Genetic Characteristics, a Review.” Infection, Genetics 
and Evolution 11(8):1842–61. 

Raulf, Marie Kristin, Daniela Jordan, Volker Fingerle, and Christina Strube. 2018. “Association of 
Borrelia and Rickettsia Spp. and Bacterial Loads in Ixodes Ricinus Ticks.” Ticks and Tick-Borne 
Diseases 9(1):18–24. 

Rauter, Carolin, and Thomas Hartung. 2005. “Prevalence of Borrelia Burgdorferi Sensu Lato 
Genospecies in Ixodes Ricinus Ticks in Europe: A Metaanalysis.” Applied and Environmental 
Microbiology 71(11):7203–16. 

Ravindran, Reghu, Prabodh Kumar Hembram, Gatchanda Shravan Kumar, Karapparambu Gopalan 
Ajith Kumar, Chundayil Kalarickal Deepa, and Anju Varghese. 2023. “Transovarial Transmission 



References 

 85 

of Pathogenic Protozoa and Rickettsial Organisms in Ticks.” Parasitology Research 2023 122:3 
122(3):691–704. 

Rebman, Alison W., Mark J. Soloski, and John N. Aucott. 2015. “Sex and Gender Impact Lyme Disease 
Immunopathology, Diagnosis and Treatment.” Sex and Gender Differences in Infection and 
Treatments for Infectious Diseases 337–60. 

Reis, Caroline, Martine Cote, Danielle Le Rhun, Benoit Lecuelle, Michael L. Levin, Muriel Vayssier-
Taussat, and Sarah I. Bonnet. 2011. “Vector Competence of the Tick Ixodes Ricinus for 
Transmission of Bartonella Birtlesii.” PLOS Neglected Tropical Diseases 5(5):e1186. 

Richter, Dania, Alina Debski, Zdenek Hubalek, and Franz-Rainer Matuschka. 2012. “Absence of Lyme 
Disease Spirochetes in Larval Ixodes Ricinus Ticks.” Vector-Borne and Zoonotic Diseases 
12(1):21–27. 

Richter, Dania, Franz Rainer Matuschka, Andrew Spielman, and L. Mahadevan. 2013. “How Ticks Get 
under Your Skin: Insertion Mechanics of the Feeding Apparatus of Ixodes Ricinus Ticks.” 
Proceedings of the Royal Society B: Biological Sciences 280(1773):20131758. 

Rizzoli, Annapaola, Cornelia Silaghi, Anna Obiegala, Ivo Rudolf, Zdeněk Hubálek, Gábor Földvári, 
Olivier Plantard, Muriel Vayssier-Taussat, Sarah Bonnet, and Eva Špitalská. 2014. “Ixodes 
Ricinus and Its Transmitted Pathogens in Urban and Peri-Urban Areas in Europe: New Hazards 
and Relevance for Public Health.” Frontiers in Public Health 2:251. 

Rollend, Lindsay, Durland Fish, and James E. Childs. 2013. “Transovarial Transmission of Borrelia 
Spirochetes by Ixodes Scapularis: A Summary of the Literature and Recent Observations.” Ticks 
and Tick-Borne Diseases 4(1–2):46–51. 

Rossow, H., J. Ollgren, J. Hytönen, H. Rissanen, O. Huitu, H. Henttonen, M. Kuusi, and O. Vapalahti. 
2015. “Incidence and Seroprevalence of Tularaemia in Finland, 1995 to 2013: Regional Epidemics 
with Cyclic Pattern.” Eurosurveillance 20(33). 

Rossow, H., J. Ollgren, P. Klemets, I. Pietarinen, J. Saikku, E. Pekkanen, S. Nikkari, H. Syrjälä, M. 
Kuusi, and J. P. Nuorti. 2014. “Risk Factors for Pneumonic and Ulceroglandular Tularaemia in 
Finland: A Population-Based Case-Control Study.” Epidemiology & Infection 142(10):2207–16. 

Rudenko, Nataliia, Maryna Golovchenko, Libor Grubhoffer, and James H. Oliver. 2011. “Updates on 
Borrelia Burgdorferi Sensu Lato Complex with Respect to Public Health.” Ticks and Tick-Borne 
Diseases 2(3):123–28. 

Ruosteenoja, K., and K. Jylhä. 2021. “Projected Climate Change in Finland during the 21st Century 
Calculated from CMIP6 Model Simulations.” Geophysica 56(1):39–69. 

Ryden, P., R. Bjork, M. L. Schafer, J. O. Lundstrom, B. Petersen, A. Lindblom, M. Forsman, A. 
Sjostedt, and A. Johansson. 2012. “Outbreaks of Tularemia in a Boreal Forest Region Depends on 
Mosquito Prevalence.” The Journal of Infectious Diseases 205(2):297–304. 

Rymaszewska, A., and S. Grenda. 2008. “Bacteria of the Genus Anaplasma – Characteristics of 
Anaplasma and Their Vectors: A Review.” Veterinarni Medicina 53 (11):573–84. 

Sajanti, Eeva, Mikko Virtanen, Otto Helve, Markku Kuusi, Outi Lyytikäinen, Jukka Hytönen, and Jussi 
Sane. 2017. “Lyme Borreliosis in Finland, 1995–2014.” Emerging Infectious Diseases 23(8):1282. 

Schnittger, Leonhard, Anabel E. Rodriguez, Monica Florin-Christensen, and David A. Morrison. 2012. 
“Babesia: A World Emerging.” Infection, Genetics and Evolution 12(8):1788–1809. 

Schotthoefer, Anna M., and Holly M. Frost. 2015. “Ecology and Epidemiology of Lyme Borreliosis.” 
Clinics in Laboratory Medicine 35(4):723–43. 

Schwaiger, Michaela, and Pascal Cassinotti. 2003. “Development of a Quantitative Real-Time RT-PCR 
Assay with Internal Control for the Laboratory Detection of Tick Borne Encephalitis Virus 
(TBEV) RNA.” Journal of Clinical Virology 27(2):136–45. 

Scoles, G. A., M. Papero, L. Beati, and D. Fish. 2004. “A Relapsing Fever Group Spirochete 
Transmitted by Ixodes Scapularis Ticks.” Vector Borne and Zoonotic Diseases 1(1):21–34. 

Sertour, Natacha, Violaine Cotté, Martine Garnier, Laurence Malandrin, Elisabeth Ferquel, and Valérie 
Choumet. 2018. “Infection Kinetics and Tropism of Borrelia Burgdorferi Sensu Lato in Mouse 



Maija Lamppu 

86 

After Natural (via Ticks) or Artificial (Needle) Infection Depends on the Bacterial Strain.” 
Frontiers in Microbiology 9:387179. 

Severinsson, Kristofer, Thomas G. Jaenson, John Pettersson, Kerstin Falk, and Kenneth Nilsson. 2010. 
“Detection and Prevalence of Anaplasma Phagocytophilum and Rickettsia Helvetica in Ixodes 
Ricinus Ticks in Seven Study Areas in Sweden.” Parasites and Vectors 3(1):1–7. 
https://link.springer.com/articles/10.1186/1756-3305-3-66. 

Silaghi, Cornelia, Relja Beck, José A. Oteo, Martin Pfeffer, and Hein Sprong. 2016. “Neoehrlichiosis: 
An Emerging Tick-Borne Zoonosis Caused by Candidatus Neoehrlichia Mikurensis.” 
Experimental and Applied Acarology 68(3):279–97. 

Simon, Julie A., Robby R. Marrotte, Nathalie Desrosiers, Jessica Fiset, Jorge Gaitan, Andrew Gonzalez, 
Jules K. Koffi, Francois Joseph Lapointe, Patrick A. Leighton, Lindsay R. Lindsay, Travis Logan, 
Francois Milord, Nicholas H. Ogden, Anita Rogic, Emilie Roy-Dufresne, Daniel Suter, Nathalie 
Tessier, and Virginie Millien. 2014. “Climate Change and Habitat Fragmentation Drive the 
Occurrence of Borrelia Burgdorferi, the Agent of Lyme Disease, at the Northeastern Limit of Its 
Distribution.” Evolutionary Applications 7(7):750–64. 

Sirotkin, M. B., and E. I. Korenberg. 2018. “Influence of Abiotic Factors on Different Developmental 
Stages of the Taiga Tick Ixodes Persulcatus and the Sheep Tick Ixodes Ricinus.” Entomological 
Review 98(4):496–513. 

Sirotkin, M. B., and E. I. Korenberg. 2022. “Thermal Constants of Development of Ixodes Persulcatus 
and Ixodes Ricinus Ticks, Which Determine the Duration of Their Life Cycle and Their 
Distribution.” Entomological Review 102(2):257–63. 

Skudal, Hilde, Åslaug Rudjord Lorentzen, Tore Stenstad, Else Quist-Paulsen, Jens Egeland, Børre 
Fevang, Keson Jaioun, Bjørn Åsheim Hansen, Anne Marit Solheim, Yngvar Tveten, Malin Veje, 
Randi Eikeland, and Hege Kersten. 2024. “Clinical Characteristics and Factors Affecting Disease 
Severity in Hospitalized Tick-Borne Encephalitis Patients in Norway from 2018 to 2022.” 
European Journal of Clinical Microbiology and Infectious Diseases 43(7):1355–66. 

Slunge, Daniel, Anders Boman, and Marie Studahl. 2022. “Burden of Tick-Borne Encephalitis, 
Sweden.” Emerging Infectious Diseases 28(2):314. 

Smura, Teemu, Elina Tonteri, Anu Jääskeläinen, Gabriel von Troil, Suvi Kuivanen, Otso Huitu, Lauri 
Kareinen, Joni Uusitalo, Ruut Uusitalo, Tuula Hannila-Handelberg, Liina Voutilainen, Simo 
Nikkari, Tarja Sironen, Jussi Sane, Janne Castrén, and Olli Vapalahti. 2019. “Recent Establishment 
of Tick-Borne Encephalitis Foci with Distinct Viral Lineages in the Helsinki Area, Finland.” 
Emerging Microbes and Infections 8(1):675–83. 

Sonenshine, D. E., and R. M. Roe. 2014. Biology of Ticks. second ed. New York: oxford university 
press. 

Sormunen, Jani J., Tommi Andersson, Jouni Aspi, Jaana Bäck, Tony Cederberg, Noora Haavisto, 
Hanna Halonen, Jari Hänninen, Jasmin Inkinen, Niko Kulha, Maija Laaksonen, John Loehr, Satu 
Mäkelä, Katja Mäkinen, Joanna Norkko, Riku Paavola, Pauliina Pajala, Tuukka Petäjä, Anna 
Puisto, Ella Sippola, Martin Snickars, Janne Sundell, Niko Tanski, Antti Uotila, Ella Maria 
Vesilahti, Eero J. Vesterinen, Silja Vuorenmaa, Hannu Ylönen, Jari Ylönen, and Tero Klemola. 
2020. “Monitoring of Ticks and Tick-Borne Pathogens through a Nationwide Research Station 
Network in Finland.” Ticks and Tick-Borne Diseases 11(5):101449. 

Sormunen, Jani J., Tero Klemola, and Eero J. Vesterinen. 2022. “Ticks (Acari: Ixodidae) Parasitizing 
Migrating and Local Breeding Birds in Finland.” Experimental and Applied Acarology 86(1):145–
56. 

Sormunen, Jani J., Tero Klemola, Eero J. Vesterinen, Ilppo Vuorinen, Jukka Hytönen, Jari Hänninen, 
Kai Ruohomäki, Ilari E. Sääksjärvi, Elina Tonteri, and Ritva Penttinen. 2016. “Assessing the 
Abundance, Seasonal Questing Activity, and Borrelia and Tick-Borne Encephalitis Virus (TBEV) 
Prevalence of Ixodes Ricinus Ticks in a Lyme Borreliosis Endemic Area in Southwest Finland.” 
Ticks and Tick-Borne Diseases 7(1):208–15. 



References 

 87 

Sormunen, Jani J., Niko Kulha, Theophilus Y. Alale, Tero Klemola, Ilari E. Sääksjärvi, and Eero J. 
Vesterinen. 2023. “For the People by the People: Citizen Science Web Interface for Real-Time 
Monitoring of Tick Risk Areas in Finland.” Ecological Solutions and Evidence 4(4):e12294. 2294. 

Sormunen, Jani J., Niko Kulha, Tero Klemola, Satu Mäkelä, Ella M. Vesilahti, and Eero J. Vesterinen. 
2020. “Enhanced Threat of Tick-Borne Infections within Cities? Assessing Public Health Risks 
Due to Ticks in Urban Green Spaces in Helsinki, Finland.” Zoonoses and Public Health 67(7):823–
39. 

Sormunen, Jani J., Satu Kylänpää, Ella Sippola, Riikka Elo, Nosheen Kiran, Veli Matti Pakanen, Eva 
R. Kallio, Eero J. Vesterinen, and Tero Klemola. 2025. “There Goes the Neighbourhood—A 
Multi-City Study Reveals Ticks and Tick-Borne Pathogens Commonly Occupy Urban Green 
Spaces.” Zoonoses and Public Health 72(3):313–23. 

Sormunen, Jani J., Veli Matti Pakanen, Riikka Elo, Satu Mäkelä, and Jukka Hytönen. 2021. “Absence 
of Francisella Tularensis in Finnish Ixodes Ricinus and Ixodes Persulcatus Ticks.” Ticks and Tick-
Borne Diseases 12(6):101809. 

Sormunen, Jani J., Ritva Penttinen, Tero Klemola, Jari Hänninen, Ilppo Vuorinen, Maija Laaksonen, 
Ilari E. Sääksjärvi, Kai Ruohomäki, and Eero J. Vesterinen. 2016. “Tick-Borne Bacterial 
Pathogens in Southwestern Finland.” Parasites & Vectors 9(1):1. 

Sormunen, Jani J., Ritva Penttinen, Tero Klemola, Eero J. Vesterinen, and Jari Hänninen. 2016. 
“Anaplasma Phagocytophilum in Questing Ixodes Ricinus Ticks in Southwestern Finland.” 
Experimental and Applied Acarology 70(4):491–500. 

Sormunen, Jani J., Ilari E. Sääksjärvi, Eero J. Vesterinen, and Tero Klemola. 2023. “Crowdsourced 
Tick Observation Data from across 60 Years Reveals Major Increases and Northwards Shifts in 
Tick Contact Areas in Finland.” Scientific Reports 13(1):1–9. 

Sormunen, Jani Jukka, Tero Klemola, Jari Hänninen, Satu Mäkelä, Ilppo Vuorinen, Ritva Penttinen, 
Ilari Eerikki Sääksjärvi, and Eero Juhani Vesterinen. 2018. “The Importance of Study Duration 
and Spatial Scale in Pathogen Detection—Evidence from a Tick-Infested Island.” Emerging 
Microbes and Infections 7(1). 

Sprong, Hein, Peter R. Wielinga, Manoj Fonville, Chantal Reusken, Afke H. Brandenburg, Fred 
Borgsteede, Cor Gaasenbeek, and Joke Wb Van Der Giessen. 2009. “Ixodes Ricinus Ticks Are 
Reservoir Hosts for Rickettsia Helvetica and Potentially Carry Flea-Borne Rickettsia Species.” 
Parasites and Vectors 2(1):1–7. 

Stanek, G., and M. Reiter. 2011. “The Expanding Lyme Borrelia Complex-Clinical Significance of 
Genomic Species?” Clinical Microbiology and Infection 17(4):487–93. 

Stanek, Gerold, and Franc Strle. 2022. “The History, Epidemiology, Clinical Manifestations and 
Treatment of Lyme Borreliosis.” Lyme Borreliosis 77–105. 

Stanek, Gerold, Gary P. Wormser, Jeremy Gray, and Franc Strle. 2012. “Lyme Borreliosis.” The Lancet 
379(9814):461–73. 

Starck, J. Matthias, Lisa Mehnert, Anja Biging, Juliana Bjarsch, Sandra Franz-Guess, Daniel 
Kleeberger, and Marie Hörnig. 2018. “Morphological Responses to Feeding in Ticks (Ixodes 
Ricinus).” Zoological Letters 4(1):1–19. 

Stavru, Fabrizia, Jan Riemer, Aaron Jex, and Davide Sassera. 2020. “When Bacteria Meet 
Mitochondria: The Strange Case of the Tick Symbiont Midichloria Mitochondrii†.” Cellular 
Microbiology 22(4):e13189. 

Steere, Allen C., Franc Strle, Gary P. Wormser, Linden T. Hu, John A. Branda, Joppe W. R. Hovius, 
Xin Li, and Paul S. Mead. 2016. “Lyme Borreliosis.” Nature Reviews Disease Primers 2016 2:1 
2(1):1–19. 

Steinbrink, Antje, Katharina Brugger, Gabriele Margos, Peter Kraiczy, and Sven Klimpel. 2022. “The 
Evolving Story of Borrelia Burgdorferi Sensu Lato Transmission in Europe.” Parasitology 
Research 121(3):781–803. 



Maija Lamppu 

88 

Stojek, Nimfa Maria, Jacek Dutkiewicz, Dr Nimfa, and Maria Stojek. 2004. “Studies on the Occurrence 
of Gram-Negative Bacteria in Ticks: Ixodes Ricinus as a Potential Vector of Pasteurella.” Annals 
of Agricultural and Environmental Medicine 11(2):319–22. 

Stonevicius, Edvinas, Gintautas Stankunavicius, and Egidijus Rimkus. 2018. “Continentality and 
Oceanity in the Mid and High Latitudes of the Northern Hemisphere and Their Links to 
Atmospheric Circulation.” Advances in Meteorology 2018(1):5746191. 
https://onlinelibrary.wiley.com/doi/full/10.1155/2018/5746191. 

Strle, F., E. Ružić-Sabljić, J. Cimperman, S. Lotrič-Furlan, and V. Maraspin. 2006. “Comparison of 
Findings for Patients with Borrelia Garinii and Borrelia Afzelii Isolated from Cerebrospinal Fluid.” 
Clinical Infectious Diseases 43(6):704–10. 

Strle, Franc. 2004. “Human Granulocytic Ehrlichiosis in Europe.” International Journal of Medical 
Microbiology Supplements 293:27–35. 

Strle, Klemen, Kathryn L. Jones, Elise E. Drouin, Xin Li, and Allen C. Steere. 2011. “Borrelia 
Burgdorferi RST1 (OspC Type A) Genotype Is Associated with Greater Inflammation and More 
Severe Lyme Disease.” The American Journal of Pathology 178(6):2726–39. 

Strnad, M., V. Honig, D. Ruzek, L. Grubhoffer, and R. O. M. Rego. 2017. “Europe-Wide Meta-
Analysis of Borrelia Burgdorferi Sensu Lato Prevalence in Questing Ixodes Ricinus Ticks.” 
Applied and Environmental Microbiology 83(15), e00609-17(15). 

Stuen, S. 2007. “Anaplasma Phagocytophilum-the Most Widespread Tick-Borne Infection in Animals 
in Europe.” Veterinary Research Communications 31(1):79–84. 

Stuen, Snorre, Erik G. Granquist, and Cornelia Silaghi. 2013. “Anaplasma Phagocytophilum-a 
Widespread Multi-Host Pathogen with Highly Adaptive Strategies.” Frontiers in Cellular and 
Infection Microbiology 4(JUL):54479. 

Suomi, Juuso, and Jukka Käyhkö. 2012. “The Impact of Environmental Factors on Urban Temperature 
Variability in the Coastal City of Turku, SW Finland.” International Journal of Climatology 
32(3):451–63. 

Süss, Jochen. 2003. “Epidemiology and Ecology of TBE Relevant to the Production of Effective 
Vaccines.” Vaccine 21:S19–35. 

Süss, Jochen, Christina Schrader, Ulrich Abel, Wolf P. Voigt, and Rudolf Schosser. 1999. “Annual and 
Seasonal Variation of Tick-Borne Encephalitis Virus (TBEV) Prevalence in Ticks in Selected Hot 
Spot Areas in Germany Using a NRT-PCR: Results from 1997 and 1998.” Zentralblatt Für 
Bakteriologie 289(5–7):564–78. 

Swanson, S. J., D. Neitzel, K. D. Reed, and E. A. Belongia. 2006. “Coinfections Acquired from Ixodes 
Ticks.” Clinical Microbiology Reviews 19(4):708–27. 

Talleklint, L., and T. G. Jaenson. 1998. “Increasing Geographical Distribution and Density of Ixodes 
Ricinus (Acari: Ixodidae) in Central and Northern Sweden.” Journal of Medical Entomology 
35(4):521–26. 

Talleklint, L., and T. G. T. Jaenson. 1994. “Transmission of Borrelia Burgdorferi s.l. from Mammal 
Reservoirs to the Primary Vector of Lyme Borreliosis, Ixodes Ricinus (Acari: Ixodidae), in 
Sweden.” Journal of Medical Entomology 31(6):880–86. 

Tälleklint, Lars, and Thomas G. T. Jaenson. 1996. “Relationship Between Ixodes Ricinus Density and 
Prevalence of Infection with Borrelia-Like Spirochetes and Density of Infected Ticks.” Journal of 
Medical Entomology 33(5):805–11. 

Taragelova, V., J. Koci, K. Hanincova, K. Kurtenbach, M. Derdakova, N. H. Ogden, I. Literak, E. 
Kocianova, and M. Labuda. 2008. “Blackbirds and Song Thrushes Constitute a Key Reservoir of 
Borrelia Garinii, the Causative Agent of Borreliosis in Central Europe.” Applied and 
Environmental Microbiology 74(4):1289–93. 

Tardy, Olivia, Emily Sohanna Acheson, Catherine Bouchard, Éric Chamberland, André Fortin, 
Nicholas H. Ogden, and Patrick A. Leighton. 2023. “Mechanistic Movement Models to Predict 
Geographic Range Expansions of Ticks and Tick-Borne Pathogens: Case Studies with Ixodes 



References 

 89 

Scapularis and Amblyomma Americanum in Eastern North America.” Ticks and Tick-Borne 
Diseases 14(4):102161. 

Telford, S. R., T. N. Mather, S. I. Moore, M. L. Wilson, and A. Spielman. 1988. “Incompetence of Deer 
as Reservoirs of the Lyme Disease Spirochete.” The American Journal of Tropical Medicine and 
Hygiene 39(1):105–9. 

Telford, Sam R., and Gary P. Wormser. 2010. “Bartonella Spp. Transmission by Ticks Not 
Established.” Emerging Infectious Diseases 16(3):379. 

Thelaus, J., A. Andersson, T. Broman, S. Bäckman, M. Granberg, L. Karlsson, K. Kuoppa, E. Larsson, 
E. Lundmark, and Jan O. Lundström. 2014. “Francisella Tularensis Subspecies Holarctica Occurs 
in Swedish Mosquitoes, Persists through the Developmental Stages of Laboratory-Infected 
Mosquitoes and Is Transmissible during Blood Feeding.” Microbial Ecology 67(1):96–107. 

Thortveit, Erik Thomas, Audun Aase, Lizette Balle Petersen, Åslaug Rudjord Lorentzen, Åse Mygland, 
and Unn Ljøstad. 2020. “Human Seroprevalence of Antibodies to Tick-Borne Microbes in 
Southern Norway.” Ticks and Tick-Borne Diseases 11(4):101410. 

Todesco, Marco, Mariana A. Pascual, Gregory L. Owens, Katherine L. Ostevik, Brook T. Moyers, 
Sariel Hübner, Sylvia M. Heredia, Min A. Hahn, Celine Caseys, Dan G. Bock, and Loren H. 
Rieseberg. 2016. “Hybridization and Extinction.” Evolutionary Applications 9(7):892–908. 

Tokarevich, Tronin A., O. Blinova, R. Buzinov, V. Boltenkov, E. Yurasova, and J. ,. N. Nurse. 2011. 
“The Impact of Climate Change on the Expansion of Ixodes Persulcatus Habitat and the Incidence 
of Tickborne Encephalitis in the North of European Russia.” Global Health Action 4(0). 

Tonteri, Elina, Anu E. Jääskeläinen, Tapani Tikkakoski, Liina Voutilainen, Jukka Niemimaa, Heikki 
Henttonen, Antti Vaheri, and Olli Vapalahti. 2011. “Tick-Borne Encephalitis Virus in Wild 
Rodents in Winter, Finland, 2008–2009.” Emerg Infect Dis 17(1):72–75. 

Tonteri, Elina, S. Kurkela, S. Timonen, T. Manni, T. Vuorinen, M. Kuusi, and O. Vapalahti. 2015. 
“Surveillance of Endemic Foci of Tick-Borne Encephalitis in Finland 1995-2013: Evidence of 
Emergence of New Foci.” Eurosurveillance 20(37). 

Ulmanen, I. 1972. “Distribution and Ecology of Ixodes Trianguliceps Birula (Acarina, Ixodidae) in 
Finland.” Annales Zoologici Fennici 9(2). 

Ulmanen, I., P. Saikku, P. Vikberg, and J. Sorjonen. 1977. “Ixodes Lividus (Acari) in Sand Martin 
Colonies in Fennoscandia.” Oikos 28(1):20. 

Uspensky, I. 2016. “The Taiga Tick Ixodes Persulcatus (Acari: Ixodidae), the Main Vector of Borrelia 
Burgdorferi Sensu Lato in Eurasia.” Lyme Disease. Dove: SMGroup. 

Uusitalo, Ruut, Mika Siljander, Timothée Dub, Jussi Sane, Jani J. Sormunen, Petri Pellikka, and Olli 
Vapalahti. 2020. “Modelling Habitat Suitability for Occurrence of Human Tick-Borne 
Encephalitis (TBE) Cases in Finland.” Ticks and Tick-Borne Diseases 11(5):101457. 

Veikkolainen, V., E. J. Vesterinen, T. M. Lilley, and A. T. Pulliainen. 2014. “Bats as Reservoir Hosts 
of Human Bacterial Pathogen, Bartonella Mayotimonensis.” Emerging Infectious Diseases 
20(6):960–67. 

Wahlberg, Peter, Sten Anders Carlsson, Hans Granlund, Christian Jansson, Mogens Lindén, Clara 
Nyberg, and Dag Nyman. 2006. “TBE in Åland Islands 1959–2005: Kumlinge Disease.” 
Scandinavian Journal of Infectious Diseases 38(11–12):1057–62. 

Waldenström, Jonas, Åke Lundkvist, Kerstin I. Falk, Ulf Garpmo, Sven Bergström, Gunnel Lindegren, 
Anders Sjöstedt, Hans Mejlon, Thord Fransson, Paul D. Haemig, and Björn Olsen. 2007. 
“Migrating Birds and Tickborne Encephalitis Virus.” Emerging Infectious Diseases 13(8):1215. 

Wang, Feng, Min Yan, Aihua Liu, Taigui Chen, Lisha Luo, Lianbao Li, Zhaowei Teng, Bingxue Li, 
Zhenhua Ji, Miaomiao Jian, Zhe Ding, Shiyuan Wen, Yu Zhang, Peng Yue, Wenjing Cao, Xin Xu, 
Guozhong Zhou, and Fukai Bao. 2020. “The Seroprevalence of Anaplasma Phagocytophilum in 
Global Human Populations: A Systematic Review and Meta-Analysis.” Transboundary and 
Emerging Diseases 67(5):2050–64. 

Wang, Shan Shan, Jin Yue Liu, Bao Yu Wang, Wen Jing Wang, Xiao Ming Cui, Jia Fu Jiang, Yi Sun, 
Wen Bin Guo, Yu Sheng Pan, Yu Hao Zhou, Zhe Tao Lin, Bao Gui Jiang, Lin Zhao, and Wu Chun 



Maija Lamppu 

90 

Cao. 2023. “Geographical Distribution of Ixodes Persulcatus and Associated Pathogens: Analysis 
of Integrated Data from a China Field Survey and Global Published Data.” One Health 16:100508. 

Welinder-Olsson, Christina, Eva Kjellin, Krista Vaht, Stefan Jacobsson, and Christine Wennerås. 2010. 
“First Case of Human ‘Candidatus Neoehrlichia Mikurensis’ Infection in a Febrile Patient with 
Chronic Lymphocytic Leukemia.” Journal of Clinical Microbiology 48(5):1956–59. 

Wilhelmsson, P., L. Fryland, S. Borjesson, J. Nordgren, S. Bergstrom, J. Ernerudh, P. Forsberg, and P. 
E. Lindgren. 2010. “Prevalence and Diversity of Borrelia Species in Ticks That Have Bitten 
Humans in Sweden.” Journal of Clinical Microbiology 48(11):4169–76. 

Wilhelmsson, Peter, Pontus Lindblom, Linda Fryland, Jan Ernerudh, Pia Forsberg, and Per Eric 
Lindgren. 2013. “Prevalence, Diversity, and Load of Borrelia Species in Ticks That Have Fed on 
Humans in Regions of Sweden and Åland Islands, Finland with Different Lyme Borreliosis 
Incidences.” PLOS ONE 8(11):e81433. 
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0081433. 

Wilhelmsson, Peter, Olga Pawełczyk, Thomas G. T. Jaenson, Jonas Waldenström, Björn Olsen, Pia 
Forsberg, and Per Eric Lindgren. 2021. “Three Babesia Species in Ixodes Ricinus Ticks from 
Migratory Birds in Sweden.” Parasites & Vectors 2021 14:1 14(1):183-. doi:10.1186/S13071-021-
04684-8. 

Wilking, Hendrik, and Klaus Stark. 2014. “Trends in Surveillance Data of Human Lyme Borreliosis 
from Six Federal States in Eastern Germany, 2009–2012.” Ticks and Tick-Borne Diseases 
5(3):219–24. https://www.sciencedirect.com/science/article/pii/S1877959X14000351. 

Wolcott, Katherine A., Gabriele Margos, Volker Fingerle, and Noémie S. Becker. 2021. “Host 
Association of Borrelia Burgdorferi Sensu Lato: A Review.” Ticks and Tick-Borne Diseases 12(5). 

Worku, Dominic Adam. 2023. “Tick-Borne Encephalitis (TBE): From Tick to Pathology.” Journal of 
Clinical Medicine 2023, Vol. 12, Page 6859 12(21):6859. 

Wormser, Gary P., Dustin Brisson, Dionysios Liveris, Klára Hanincová, Sabina Sandigursky, John 
Nowakowski, Robert B. Nadelman, Sara Ludin, and Ira Schwartz. 2008. “Borrelia Burgdorferi 
Genotype Predicts the Capacity for Hematogenous Dissemination during Early Lyme Disease.” 
Journal of Infectious Diseases 198(9):1358–64. 

Zakham, Fathiah, Anne J. Jääskeläinen, Janne Castrén, Jani J. Sormunen, Ruut Uusitalo, Teemu Smura, 
Gabriel Von Troil, Suvi Kuivanen, Tarja Sironen, and Olli Vapalahti. 2021. “Molecular Detection 
and Phylogenetic Analysis of Borrelia Miyamotoi Strains from Ticks Collected in the Capital 
Region of Finland.” Ticks and Tick-Borne Diseases 12(2):101608. 

Zhang, Ming Zhu, Juan Wang, Li Feng Du, Pei Jun He, and Na Jia. 2024. “The Impact of Volatiles on 
Tick-Host Interaction and Vector Competence.” Current Opinion in Insect Science 62:101162. 

Zintl, Annetta, Grace Mulcahy, Helen E. Skerrett, Stuart M. Taylor, and Jeremy S. Gray. 2003. 
“Babesia Divergens, a Bovine Blood Parasite of Veterinary and Zoonotic Importance.” Clinical 
Microbiology Reviews 16(4):622–36. 

 



 

 
 

  



M
aija Lam

ppu
AII 427

AN
N

ALES UN
IVERSITATIS

 TURKUEN
SIS

ISBN 978-952-02-0528-7 (PRINT)
ISBN 978-952-02-0529-4 (PDF)
ISSN 0082-6979 (PRINT)
ISSN 2343-3183 (PDF)

Pa
in

os
al

am
a,

 T
ur

ku
, F

in
la

nd
 2

02
6


	ABSTRACT
	TIIVISTELMÄ
	Table of contents
	Abbreviations
	List of original publications
	1 Introduction
	1.1 Hard ticks (Acari: Ixodidae)
	1.2 Study species – Ixodes ricinus and Ixodes persulcatus
	1.2.1 General morphology and identification
	1.2.2 Distribution in nature
	1.2.3 Seasonal activity
	1.2.4 Host interactions
	1.2.5 Ticks as pathogen vectors

	1.3 Tick-borne pathogens (TBPs)
	1.3.1 Borrelia burgdorferi sensu lato complex (Bbsl) and Lyme borreliosis (LB)
	1.3.2 Other tick-borne pathogens and associated diseases

	1.4 Aims of the study

	2 Materials and methods
	2.1 Growdsourcing data (I, II)
	2.1.1 Tick samples used in distribution analyses (I)
	2.1.2 A subset of ticks for pathogen screening (I, II)

	2.2 Human serum samples and health-questionnaire data (III)
	2.3 Laboratory analyses
	2.3.1 Analyses of tick samples (I, II)
	2.3.1.1 Tick DNA and RNA extraction (I, II)
	2.3.1.2 Real-time PCR and rRT-PCR (I, II)
	2.3.1.3 Sequencing (II)

	2.3.2 Analyses of human serum samples (III)
	2.3.2.1 First-tier screening assay (III)
	2.3.2.2 Second-tier confirmatory assay (III)


	2.4 Statistical analyses (I-III)
	2.5 Ethics

	3 Results
	3.1 The Tickbank
	3.1.1 Tickbank characteristics (I)
	3.1.2 Geographical distribution of I. ricinus and I. persulcatus (I)
	3.1.3 TBPs in Finnish ticks (I, II)
	3.1.3.1 The prevalence of Bbsl (I, II)
	3.1.3.2 The prevalence of other TBPs (I, II)
	3.1.3.3 Co-infection of pathogens (I, II)
	3.1.3.4 Pathogens in larvae and nymphs (I, II)
	3.1.3.5 Pathogen distribution (I, II)


	3.2 Bbsl seroprevalence in Finland (III)
	3.2.1 Changes in Bbsl seropositivity across years (III)
	3.2.2 Other factors associated with Bbsl seropositivity (III)


	4 Discussion
	4.1 Crowdsourcing (I)
	4.2 Geographical distribution of ticks in Finland (I, II)
	4.2.1 Distributional features of I. ricinus and I. persulcatus in Finland (I, II)

	4.3 Presence and distribution of TBPs in Finland (I, II)
	4.3.1 Bbsl in Finnish ticks (I, II)
	4.3.2 Other tick-borne pathogens (TBPs) in Finnish ticks (I, II)

	4.4 Decreased Bbsl seroprevalence in Finland (III)
	4.4.1 Regional variation in Bbsl seropositivity (III)
	4.4.2 Other demographic factors associated with Bbsl seropositivity (III)


	5 Conclusions
	Acknowledgements
	References


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 7.087 x 10.000 inches / 180.0 x 254.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20260210095333
      

        
     Shift
     -4
            
       D:20260210095329
       720.0000
       Blank
       510.2362
          

     Tall
     1
     0
     No
     1644
     579
     QI2.9[QI 2.9/QHI 1.1]
     None
     Down
     5.6693
     -0.2268
            
                
         Both
         1
         AllDoc
         113
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     3
     127
     126
     127
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: before current page
     Number of pages: 2
     Page size: same as current
      

        
     D:20260210151507
      

        
     Blanks
     Always
     2
     1
            
       D:20251208080114
       898.5827
       Blank
       17.8583
          

     1
     Tall
     1561
     636
     0
     1
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     BeforeCur
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     0
     2
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     D:20260210151523
      

        
     Blanks
     Always
     1
     1
            
       D:20251208080114
       898.5827
       Blank
       17.8583
          

     1
     Tall
     1561
     636
     0
     1
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     129
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20260210151539
      

        
     Shift
     -4
            
       D:20231003151711
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1644
     579
    
     QI2.9[QI 2.9/QHI 1.1]
     None
     Down
     5.6693
     -0.2268
            
                
         Both
         1
         AllDoc
         113
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     129
     130
     129
     130
      

   1
  

 HistoryList_V1
 qi2base





