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Abstract 

 

This dissertation explores the intricate world of ticks and tick-borne diseases (TTBDs) by 

investigating the connections between ticks, their neglected habitats, and unusual hosts. 

While there is a substantial body of existing knowledge, significant gaps in our understanding 

of tick-related issues persist. In the context of a changing Earth, including climate change, 

landscape alterations, and increasing human impact, ticks and tick-borne pathogens are 

undergoing significant transformations in distribution, genetic diversity, species composition, 

activity patterns, and resilience. Understanding the impact of landscape use, habitat 

transformation, and host selection on the prevalence of TTBDs is vital within the complex 

mosaic of tick-related science. The interplay between ticks, hosts, and habitat is intricate, 

particularly for exophilic ticks as Ixodes ricinus, a key vector for various tick-borne diseases in 

Europe, including Czechia. To comprehensively evaluate the evolving landscape of tick 

ecology, a multifaceted, One-Health approach is necessary. This dissertation addresses less 

explored and understudied issues within the field of TTBDs, offering new perspectives and 

valuable insights with applications across various research areas. The initial literature review 

underscores the significance of TTBDs as a crucial concern for zoo-housed animals. However, 

there is a notable absence of information on TTBDs in exotic farm-kept animals. To address 

this gap, I conducted a unique empirical study on TTBDs in exotic animal farms in Czechia. 

The findings revealed that these animals serve as suitable hosts for TTBDs, and notably, large 

animal pastures are associated with reduced tick activity. This observation was further 

validated by collecting data in the Milovice natural reserve during rewilding initiatives, where 

pasture not only contributed to overall biodiversity enhancement but also led to a decrease 

in tick activity. Conversely, postindustrial landscapes, after years of ecological succession, 

emerged as an ideal biotope for TTBDs. Drawing on my collected data and insights from the 

literature, I undertook a comparative analysis of various tick management strategies. 

Subsequently, I proposed novel approaches to mitigate TTBDs. These recommendations aim 

to benefit both the general public and specialists involved in addressing this crucial issue. In 

summary, this dissertation underscores the complexity of TTBDs and the need for a holistic 

approach to tick-related research. The findings provide valuable insights into tick ecology, 

tick-ecosystem interactions, and the impacts of rewilding on tick populations. Further 

research is essential to assess actual risks to both human and animal health, including the 

effects of tick-borne pathogens on exotic animal species and vector/host competence among 

such diverse hosts. This research aimed to open new avenues in tick-related studies within 

the growing field of modern tick research. 

Keywords 
 

Ixodes ricinus, tick-borne diseases, exotic animals, landscape management, Borrelia spp., tick 

ecology 
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1. INTRODUCTION 
 

Ticks, parasitic arthropods of great scientific and social interest, have become a focal point of 

substantial research efforts in recent years. This surge is evident in the constantly increasing 

number of published studies, mirroring the emergence of novel problematics and research 

methodologies concerning tick population biology, ecology, and tick-borne pathogens (TBPs). 

This rapidly expanding repository of knowledge has unveiled unexplored concerns related to 

the influence of ticks on human, animal, and environmental health. The embrace of the "One 

Health" approach has revealed the global threat represented by ticks, underscoring the 

urgency for inventive strategies to address the challenges posed by ticks and TBPs. 

Amidst shifting Earth conditions like climate change, landscape fragmentation, 

landscape use change, and the burgeoning impact of human activities on the environment, 

ticks and the ensuing TBPs are undergoing transformations in their distribution (Diuk-Wasser 

et al. 2020), genetic diversity (Krücken et al. 2021), species composition (Bacon et al. 2022), 

activity patterns (Ogden et al. 2021), and resilience (Gilbert 2021). In the past four decades, a 

consistent rise has been observed in the abundance and geographic dispersion of numerous 

significant tick species. Notably, these ticks have expanded their presence northward and to 

elevated terrains, thereby increasing their worldwide implications for public and veterinary 

health (Süss et al. 2008; Léger et al. 2013). This significant ecological reconfiguration within 

the realm of ticks and tick-borne diseases (TTBDs) has caused substantial financial burdens 

within both the medical and veterinary domains. Globally, the combined toll of ticks and 

TBPs culminated in an estimated economic loss ranging from $22 to 30 billion annually in 

2015, solely in the realm of cattle production (Lew-Tabor & Rodriguez Valle 2016). 

Considering the increase of the cattle population from 1.47 billion in 2015 to an estimated 

1.52 billion animals in 2021, as reported by FAOSTAT (FAO 2023), and adjusting for 

inflationary effects, this figure is poised to escalate substantially in 2023. Another example, in 

the medical sector, the financial burden associated with Lyme disease (LD) in the United 

States was appraised with a mean patient cost of approximately $1,200 (median $240) and a 

mean societal cost of approximately $2,000 (median $700) during the period spanning 2014 

to 2016 (Hook et al. 2022). This translated into an annual aggregate cost for diagnosed LD 

that swelled to a range as wide as $345–968 million in the United States only (Hook et al. 

2022). These numbers can be expected to increase in the following years if no precautionary 

measures are taken, and if scientists and governmental bodies do not provide further data 

and protection strategies. 

Conducting research on the subjects covered in this dissertation, such as the impact 

of landscape utilization and change, along with the exploration of unconventional hosts for 

ticks, holds significant importance in advancing the overall knowledge base. This knowledge 

dissemination benefits a wide spectrum of professionals, encompassing infrastructure 

workers like farmers, forest laborers, woodland managers, veterinarians, medical 

practitioners, as well as governmental entities. Absence of such insights would compromise 
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the accuracy and efficacy of forecasts for prospective measures, such as ecological 

restructuring of landscapes (e.g., rewilding), combatting TTBDs on animal farms or urban 

areas, and forming of legislative reforms.  

The role of landscape fragmentation and habitat transformation in driving the 

prevalence of TTBDs has been backed by empirical evidence (Piedmonte et al. 2018; Millins 

et al. 2018; Václavík et al. 2021). Recent transformations in agricultural landscapes hold 

significant sway in effecting alterations within both vertebrate and invertebrate 

communities, as noted by Perez et al. in 2016. Landscape properties, including composition 

and configuration, and biological interactions of fauna and flora, influence the abundance of 

ticks and their hosts (Fig. 1) (Ehrmann et al. 2017). While many tick species display resilience 

and adaptability in the face of new ecological pressures, their survival remains hinged upon 

the availability of suitable hosts (Krasnov et al. 2007; McCoy et al. 2013). The categorization 

of a host as suitable varies among tick families and species, encompassing both generalist 

and specialist tendencies within the Ixodida order (McCoy et al. 2013). Continuously, novel 

host species come to light, and as ticks continue to evolve, new preferences and populations 

are forged. Such preference changes carry the potential to escalate the infiltration of TTBDs 

into unexpected areas. 

Given that ticks spend the majority of their lifecycle detached from their hosts, their 

capacity to survive and develop is equally reliant on the environmental conditions they 

encounter (Perez et al. 2016; Ehrmann et al. 2017). Various habitats exhibit a diverse array of 

environmental traits, each capable of impacting a tick's capacity for seeking hosts. Numerous 

publications have highlighted the pivotal functions that humidity and temperature fulfill in 

shaping the behaviors of ticks as they search for hosts (Schulze et al. 2001; James et al. 2013; 

Richardson et al. 2022), ticks are therefore more likely to be found in habitats that reduce 

desiccation risk. For example, if humidity levels drop below 80% the chances of survival 

diminish in Ixodes ricinus ticks and questing periods are shortened, as noted by Gray (1991). 

Unfed ticks emerge from the sheltered undergrowth and the soil layer, where humidity is 

higher, and ascend into the higher vegetation layer in search of a potential host (Perret et al. 

2000; Schulze et al. 2001). Once on exposed plants, ticks rapidly lose body moisture while 

awaiting a host. If water loss becomes excessive, ticks must cease their host-seeking and 

retreat to the soil and leaf layer to rehydrate through sorption (Gray 1984). However, 

different tick species, such as argasid ticks within the Ornithodoros erraticus complex  (Diatta 

et al. 2012) or ixodid ticks like Ixodes scapularis (Brunner et al. 2023), are better adapted 

even to drier environmental conditions. Temperature, in addition to humidity, stands as 

another important factor influencing tick dynamics. Like most invertebrates, ticks can only 

remain active above a certain ambient temperature. Furthermore, ticks must continually 

weigh the energetic costs and mortality risks associated with host-seeking against the 

likelihood of finding a host. This balance has driven the evolution of diapause patterns, 

frequently occurring over the winter in temperate areas, within the tick's life cycle, as 

described by Jensen et al. (1999). However, during the decades dedicated to tick research it 

has been observed that ticks possess the capability to evade or withstand unfavorable 
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environmental conditions in nature, and what proves fatal to one stage in their life cycle may 

not necessarily affect other stages  (Brunner et al. 2023). 

The interplay between parasites, hosts, and their habitat is especially intricate in the 

case of exophilic ticks—which actively seek hosts beyond their typical habitat (see Fig.1). 

Figure 1, Dynamics of Climate, Landscape, and Human Factors in Ecology of TTBDs: (1) The interplay 

between shifts in climate, landscape management, and human activities influencing the ecology of 

ticks and tick-borne diseases. (2) Diagrammatic representation depicting both the direct and indirect 

effects of climate on the distribution and population densities of ticks.  

This intricacy is exemplified by the tick I. ricinus, which stands as the most abundant tick 

species in Europe, including Czechia. This species takes center stage in this dissertation, 
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presenting itself as a focal point of most of our research. I. ricinus is an important vector for 

various tick-borne diseases (TBDs) within Europe, including, among others, borreliosis, tick-

borne encephalitis, ehrlichiosis, and babesiosis (Heyman et al. 2010). This variety of diseases 

causes a considerable impact on both human and animal health, underscoring the critical 

importance of I. ricinus ticks as subjects of extensive research. While the intricate ecology of 

I. ricinus has been subject to thorough investigation, the ongoing transformations in land 

management, climate patterns, and urban expansion have significantly altered the 

distribution and abundance of these ticks (Kahl & Grey 2023; Janzén et al. 2023). These shifts 

introduce fresh opportunities and challenges in the regulation of TTBDs dynamics in Europe 

(Hauck et al. 2020). 

For a comprehensive evaluation of the rapidly evolving landscape of tick ecology, 

multiple factors warrant consideration, and novel perspectives must be studied. Our research 

has been dedicated to addressing less apparent and understudied issues within this field. 

These issues deserve attention and recognition since they hold the potential to provide 

valuable new insights that could have significant applications in various research fields. 

 

1.1  Aims 

 

Considering the aforementioned context, the primary goal of this thesis was to offer 

enhanced understanding regarding the handling of TTBDs, with particular emphasis on 

landscape variations and atypical host animals. In pursuit of these objectives, this 

dissertation endeavors to: 

1. Assess the potential risk posed by TTBDs to exotic animals housed in both farm and zoo 

settings. 

2. Assess the relationship between landscape management practices and the abundance of 

ticks. 

3. To evaluate, compare and propose management strategies for the control of ticks and tick-

borne diseases.  
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2. LITERATURE REVIEW 
 

2.1 Tick history 
 

The complex biology of ticks has been extensively studied, resulting in a comprehensive 

understanding of its characteristics. Ticks are obligatory parasites that exclusively feed on the 

blood of vertebrate host. The parasitic relationship between ticks and their hosts dates as far 

back as Paleozoic (Mans et al. 2011, 2016) or Mesozoic era (Beati & Klompen 2019). It is well 

known that tick-host ties are very strong, and ticks are often dependent on the biology and 

ecology of their selected hosts. Naturally, ticks developed throughout their long evolution to 

parasitize on specific wild animals, however eventually some species have adapted to feed 

on huge variety of animals including domesticated animals introduced to the food chain later 

in evolutionary development. Over the course of history, an abundance of accounts has 

recorded ticks and their engagements with domesticated animals. There are records of 

Rhipicephalus sanquineus sensu lato ticks infesting dogs as early as the era of Ancient Egypt 

(Huchet et al. 2013; Otranto et al. 2014). Aristotle (355 B.C.) described ticks in his Historia 

Animalium as “disgusting parasitic animals” that are “generated from couch grass”. Later 

Marcus Porcius Cato (circa 200 B.C.) made references to ticks in the context of sheep care, 

underscoring the role of proper management in reducing tick infestations. Finally, Pliny the 

Elder (A.D. 77) provided a more comprehensive account of ticks in his Historia Naturalis, 

offering detailed descriptions and highlighting their occurrence among various domestic 

animals, including dogs, cattle, goats, and sheep (Arthur 1965).  

 

2.2 Tick biology and ecology 
 

Ticks are a ubiquitous, and versatile group with many variabilities between different species. 

As indicated in the Introduction chapter (pp. 1-4), this work centers on the European castor 

bean tick, I. ricinus. Given its dominance as the most common tick species in Europe, it 

stands out as the natural and optimal subject for study. 

Ticks belong to the class Arachnida, subclass Acari, superorder Parasitiformes and 

order Ixodida. The Ixodida order is currently divided into five families: three recent families 

Argasidae, Ixodidae, Nuttalliellidae and two now extinct Deinocrotonidae and Khimairidae 

(Chitimia-Dobler et al. 2022). Most tick species undergo maturation through several 

development stages (larva, nymph, adult) (Oliver 1989; Anderson 2002). Ixodid ticks feed 

once during each developmental stage to trigger molting. In certain species, adult males 

exhibit stunted feeding organs, hindering their ability to feed. This characteristic is observed 

in the tick species of interest—I. ricinus ticks. (Dantas-Torres & Otranto 2022). Argasid ticks 

usually feed once only in the larval and nymphal stages but can feed several times in the 



 
 

6 
 

adult stages. (Oliver 1989). Some argasid species are able to molt even without feeding or 

have only rudimentary mouth parts and cannot feed at all in adult stages (Oliver 1989; 

Santiago et al. 2019). Ticks can survive exceptionally long periods of time without feeding, up 

to one year in ixodid ticks (Dantas-Torres et al. 2012), and even up to 18 years in argasid ticks 

like the Ornithodoros lahorensis (Hoogstraal 1985).  The longest recorded survival time under 

laboratory conditions was documented in the African tick Argas brumpti, which lived for 

more than 26 years. (Shepherd 2022).  

 

2.3 Reproduction and oviposition 
 

In ticks, reproduction is induced and regulated by specific pheromones of many different 

types (Roe et al. 2008). Copulation can occur both in the environment, and on the host. 

Apart from Argas transversus, argasid ticks always copulate in the environment (Shepherd 

2023). Male ixodid ticks from the Ixodes genus reach maturity and produce spermatids 

before feeding and can mate in the environment or on the host. Female ticks need to feed in 

order to finish oviposition with the exception of some argasid species capable of autogeny 

like Otobius spp., Argas persicus, Ornithodoros fonsecai and others (Santiago et al. 2019; 

Dantas-Torres & Otranto 2022). Spermatophore transfer lasts only few minutes, but ticks can 

remain in sexual contact for days (Dantas-Torres & Otranto 2022). Some species of ticks are 

believed to be parthenogenetic like the tick Amblyomma rotundatum (Luz et al. 2013). It is 

hypothesized that parthenogenetic races could form if enough survival pressure is 

introduced to some ticks as was observed in Haemaphysalis longicornis (Chen et al. 2012; 

Soares et al. 2021). Mating is also one of the regulatory systems influencing tick feeding 

patterns. Most females will not finish engorging until mated and finish rapid engorgement 

only after fertilization (Kiszewski et al. 2001). Oviposition follows in several days after final 

engorgement, but oviposition diapause can follow in unsuitable conditions with temperature 

being the key factor (Troughton & Levin 2007; Dantas-Torres et al. 2011). After laying a single 

batch of thousands of eggs the ixodid females die. Unlike ixodid ticks, argasid females can lay 

several batches of eggs and often display maternal or a brooding behavior (Pienaar et al. 

2018). The number of eggs is directly connected to the amount of engorged blood 

(Troughton & Levin 2007; Dantas-Torres & Otranto 2022).  

 

2.4 Feeding and saliva 
 

The feeding time is varied and can last from several hours to several days or even weeks, 

depending on the species and development stage (Chmelař et al. 2016; Dantas-Torres & 

Otranto 2022). The feeding process is complex and is one of the most important processes 

influencing and incurring the transmission of TBPs (Brossard & Wikel 2004). The feeding 

process in ticks is not continuous, but rather consists of distinct phases of sucking, salivation, 
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and resting (Dantas-Torres & Otranto 2022). During the feeding, tick saliva is injected into the 

bite area alternating with blood meal ingestion by the tick. Since ticks are pool feeders, and 

ingest all the fluids accumulated in the bite wound most host-tick-pathogen vital interactions 

are realized during tick feeding (Šimo et al. 2017) (see Figure 2 for details). The reaction of a 

host to tick attachment and feeding includes natural processes characteristic to any invasion 

of foreign body on skin and blood stream including vasoconstriction, inflammation, 

activation of the coagulation cascade, tissue remodeling and forming of hemostatic plug 

(Kotál et al. 2015) (Fig.2). Tick saliva has evolved to curb all such defenses of the host using 

complex pharmacological armament which enables the tick to successfully feed even for 

prolonged periods of time (Liu & Bonnet 2014; Kotál et al. 2015; Chmelař et al. 2016). It has 

also been demonstrated that tick saliva creates a hospitable environment for TBPs increasing 

their survivability, propagation and facilitating their transmission (Wikel 1999; Hovius 2009; 

Kazimirova & Stibraniova 2013) by modulating or disrupting immune response of the host 

(Wikel 1999; Wikel & Alarcon-Chaidez 2001) and providing matrix for pathogen transmission 

(Fig.2). We can demonstrate the close feeding-saliva-pathogen interactions on the Borrelia 

spirochetes causing Lyme disease. Initially spirochetes attach passively to the midgut lining of 

ticks in a state of rest, and they only become active when the tick starts to feed. The 

activation is induced by upregulation of outer surface protein C (OspC) that starts to replace 

the dormant-state surface protein OspA (Schwan & Piesman 2000). Once activated, the 

spirochetes are able to migrate from the midgut into the tick's circulatory system, ultimately 

targeting the salivary glands. Eventually, they are expelled into the host through the tick's 

saliva (Schwan & Piesman 2002). Ticks modulate the adaptive immune response by directly 

affecting B and T lymphocytes through saliva molecules (Fontaine et al. 2011; Kazimirova & 

Stibraniova 2013; Wikel 2013). Additionally, they induce changes in dendritic and other 

antigen-presenting cells, as well as soluble mediators of the immune response (Skallová et al. 

2008; Mason et al. 2014). Other interferences have been demonstrated like T-helper cells 2 

(Th2) polarization of the immune response and diminishing the T-helper cells 1 (Th1) 

cytokines like IFN-γ (Mejri et al. 2001). Mice infected with B. burgdorferi via nymph feeding 

exhibited a Th-2 cell response, whereas mice injected with a syringe displayed a mixed 

response involving both Th-2 and Th-1 cells. These differences are probably influenced, at 

least in part, by the proteins found in tick saliva (Christe et al. 2000). Finally, tick saliva 

activates the inhibition of coagulation cascade and impacts effectors of innate and adaptive 

immunity (Guo et al. 2009; Wikel 2013). This implies that the effectiveness of the host's 

immune response to Borrelia spp. infection is shaped, at least in part, by the way the 

pathogen is influenced by tick saliva. Many other saliva-host-pathogen interactions have 

been demonstrated, however, to go into more detail about this problematic would be 

beyond the scope of the dissertation thesis.  
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Figure 2: Tick Salivary Modulation of Host Responses and Pathogen Transmission. Tick mouthparts 

attach via a cement cone, creating a bleeding pool. During their blood meal, ticks release varied 

active saliva molecules that manipulate host responses (itch, pain, inflammation, immunity). This 

saliva contains SAT factors facilitating pathogen transmission and infection. Source: Kazimirova & 

Stibraniova 2013. 

The close relationship between ticks and their hosts is further highlighted by the 

specific patterns of tick drop-off following feeding. The drop-off of ticks, when they are 

satiated and prepared for molting or oviposition, is intricately linked to the daily rhythms of 

their hosts (Dantas-Torres 2010). For instance, in the case of Haemaphysalis leporispalustris 

ticks and rabbits, most ticks will detach during the day when rabbits seek refuge in their 

nests or burrows, which serve as safe habitats for both the ticks and the rabbits. Conversely, 

tick drop-off during the night, when rabbits are active and outside, is relatively rare (George 

1971; Oliver 1989). This example underscores the interconnectedness between ticks and 

their hosts, shedding light on the complex array of interactions that ticks engage in with their 

hosts. 

 

2.5 Host selection and specificity 
 

Ticks can be both generalists and specialists in their host selection (Dantas-Torres & Otranto 

2022). Generalists can feed on a broad range of various vertebrate species of mammals, 

amphibians, reptiles, and birds. Specialists on the other hand, feed on selected animal 

species. Very strict host specificity is apparently uncommon in ticks as is indicated in research 

comprising 4172 records of hard ticks from Neotropical regions (Nava & Guglielmone 2013) 

where all tick species were associated with 3 to 20 host animal species. However, host 

specificity and selection seem to be fairly complex with variability among different 
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populations of the same species of ticks. For example,  I. ricinus tick is commonly identified 

as a host generalist with development and evolution more closely connected to environment 

than to host biology and ecology (Klompen et al. 1996). However, the formation of the so-

called host races has been observed in this and other species of ticks (Magalhães et al. 2007; 

Kempf et al. 2011) linking tick populations to specific preferred hosts in different areas of 

occurrence inducing genetic differentiation of studied populations. Some ecological traits of 

the hosts, like high reproduction rates or low dispersal predispositions for example, would 

suggest that ticks could favor one host over others at least on a local habitat scale (Kempf et 

al. 2011). Host preference can change and evolve quickly in hard ticks like Ixodes uriae 

(Mccoy et al. 2001; McCoy et al. 2005; Kempf et al. 2009) and even in one-host tick like 

Rhipicephalus microplus (De Meeûs et al. 2010). To further confound the matter of host 

selection, the habitat ticks live in also influences host selection. For instance, particular tick-

repellent compounds discovered in specific plants may play a role in the selection process 

(Jaenson et al. 2005; Thorsell et al. 2006). Ticks are more likely to avoid areas where such 

repellent plants thrive even with abundant host presence (Kayaa 2000). Also, more or less 

alluring host odors could enhance or diminish such habitat predispositions (Douglas et al. 

2004; Crooks & Randolph 2006). It is now apparent that host selection by even generalist 

ticks is not completely random and is closely linked to the area of dispersion of given tick 

population. 

Ticks' remarkable adaptability enables them to parasitize understudied animal 

species (e.g., non-indigenous zoo animals). Little is known about the prevalence of TBPs in 

these hosts, their ability to transmit TBPs, and the suitability of exotic hosts for different tick 

species. Our team has published a comprehensive review on this topic, providing valuable 

insights for tick and TBP research. The review is provided on pages 32-58 of this thesis. 

 

2.6 Habitats and distribution 
 

Most tick species spend a significant portion of their lifecycle in environments that subject 

them to considerable selection pressures due to varying abiotic factors (Dantas-Torres et al. 

2011). Ticks have evolved a range of strategies to adapt to these conditions. Numerous 

argasid ticks, along with select Ixodes species, have developed a nidicolous life cycle strategy, 

residing their entire lives within nests, animal shelters, caves, burrows, and even human 

housing (Guglielmone et al. 2014; Dantas-Torres & Otranto 2022). However, most ticks 

inhabit a diverse array of ecosystems, spanning from tropical to temperate climates, 

encompassing steppes, prairies, and even tundra (Guglielmone et al. 2014). Notably, many 

ixodid ticks display resilience in unexpected arid and hot environments, such as deserts 

(Brain & Bohrmann 1992).  

Traditionally, it is believed that ticks flourish predominantly in primary forests, a 

notion supported by recent empirical evidence (Lamattina et al. 2018). However, the influx of 

exotic tick species, facilitated by global changes in the environment caused by the ongoing 
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climate change (Léger et al. 2013; Lee & Chung 2023), urbanization (Diuk-Wasser et al. 2020), 

landscape fragmentation (Froeschke et al. 2013) and change of migratory patterns of birds 

(Butler 2003; Matthysen et al. 2011), has shifted the focus also toward urban, periurban and 

agricultural areas as equally suitable environments for native and non-native tick species. As 

temperature and precipitation patterns fluctuate, we are observing concurrent shifts in tick 

behavior, survival, and maturation (Gilbert 2021; Voyiatzaki et al. 2022). An illustrative case 

involves the I. ricinus tick whose typical active period spans from March to October. However, 

a noteworthy change was observed when these ticks started questing even in winter, 

extending from early November to early March (Gray 2008; Gray et al. 2009). The rise in 

average temperatures has led to escalated metabolic rates, expanded questing durations, 

and increased opportunities for suitable host encounter, resulting in apparent reductions in 

the duration of tick development, decreased mortality rates, and heightened rates of host 

exploitation (Ogden et al. 2004, 2021).  

The adaptive ability of ticks to inhabit a broad spectrum of habitats contributes to 

their global distribution, with certain species spanning multiple countries and even 

continents. Genera like Ixodes, Haemaphysalis, and Amblyomma are present in all six 

zoogeographical regions (Afrotropical, Neotropical, Oriental, Australasian, Nearctic and 

Palearctic), where the Ixodes genus boasts the most extensive geographical range. Among its 

species, 32 (accounting for 13%) are found in multiple zoogeographic regions (Guglielmone 

et al. 2014).  Other genera are restricted to specific regions, such as Anomalohimalaya in the 

Palearctic, Nuttalliella namaqua in southern Africa (Mans et al. 2011), or Nosomma in the 

Oriental region (Dantas-Torres & Otranto 2022).  

 

2.7 Prevention and management 
 

Dealing with TTBDs is quite a challenging task, involving various connected factors that need 

careful attention. Because of the close ecological links between ticks, their hosts, and the 

environment, it's important to grasp how these variables interact. Our team has taken a close 

look at this problematic in connection with the widely prevalent I. ricinus tick and created an 

in-depth review article which is presented on pages 12-31 of this thesis.   
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3. PUBLICATIONS 
 

This dissertation thesis is founded on a compilation of scientific writings, encompassing two 

scientific review articles, two original research articles, and one original research manuscript 

currently undergoing revision for publication in a scientific journal. All of the published 

pieces have been featured in international, peer-reviewed scientific journals with impact 

factors within the Q1 or Q2 categories of journal rankings in the given field of research. The 

individual texts have been arranged, both chronologically and thematically, into distinct 

chapters presented on the following pages, ensuring a coherent presentation. 

 

 

“The road to tick collection”, Milovice natural reserve (photo by Johana Alaverdyan)  
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CHAPTER 1 – Management Options for Ixodes ricinus-

Associated Pathogens: A Review of Prevention Strategies 
 

 

 

Looking for ticks in an animal enclosure at Common Eland Research Facilities (photo by Silvie 

Neradilová) 

 

 

Adopted from: Černý J, Lynn G, Hrnková J, Golovchenko M, Rudenko N, Grubhoffer L. 2020. 

Management Options for Ixodes ricinus-Associated Pathogens: A Review of Prevention 

Strategies. International Journal of Environmental Research and Public Health 17:1830. 

 

Author contributions: Conceptualization, J.Č., G.L., N.R., and L.G.; methodology, J.Č.; 

resources, J.Č. G.L., J.H., M.G.; data curation, J.H., N.R.; writing—original draft preparation, J. 

Č. and G.L.; writing—review and editing, J. Č., G.L., J.H., M.G., N.R., L.G.; visualization, J.Č.; 

supervision, J. Č., N.R., L.G.; project administration, J. Č., N.R., G.L.; funding acquisition, J.Č. 

N.R., and L.G. 
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CHAPTER 2 – Role of Zoo-Housed Animals in the Ecology of 

Ticks and Tick-Borne Pathogens – A Review 
 

 

 

 

Graphical abstract for the published article (created by Johana Alaverdyan and Argam Alaverdyan) 

 

 

Adopted from: Hrnková J, Schneiderová I, Golovchenko M, Grubhoffer L, Rudenko N, Černý J. 

2021. Role of Zoo-Housed Animals in the Ecology of Ticks and Tick-Borne Pathogens—A 

Review. Pathogens 10:210.  

 

Author contributions: Conceptualization, J.H., N.R. and J.Č.; methodology, J.H.; validation, 

J.H., J.Č., I.S. and N.R.; formal analysis, J.H.; investigation, J.H., I.S.; resources, L.G., N.R. and 

M.G.; data curation, J.H.; writing—original draft preparation, J.H.; writing—review and 

editing, J.H., I.S., N.R., L.G., M.G. and J.Č.; visualization, J.H.; supervision, N.R., J.Č. and I.S.; 

project administration, J.Č., N.R., M.G. and L.G.; funding acquisition, J.Č., N.R. and L.G. 
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CHAPTER 3 - Borrelia spirochetes in European exotic farm 

animals 
 

 

 

Flagging in llama paddock at Camel Farm Záhostice in Southern Bohemia (photo by Jiří Černý) 

 

Adopted from: Hrnková J, Golovchenko M, Musa AS, Needham T, Italiya J, Ceacero F, Kotrba 

R, Grubhoffer L, Rudenko N, Cerný J. 2022. Borrelia spirochetes in European exotic farm 

animals. Frontiers in Veterinary Science 9. 

 

Author contributions: JH, JC, and LG: research conceptualization and design. JH, JC, MG, AM, 

FC, JI, TN, and RK: data collection. JH, NR, JC, FC, MG, and RK: analysis and interpretation of 

results. JH: manuscript draft preparation. FC: statistical analysis. JC, NR, and LG: supervision. 

TN: language corrections. 
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CHAPTER 4 - Apparent Link Between Naturalistic Grazing and 

Ixodes ricinus Tick Abundance in Rewilding Sites: A Pilot 

Investigation 
 

 

 

Grazed pasture area in the Milovice protected area (photo by Johana Alaverdyan) 
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Abstract 

Since 2015, the former military training area in Milovice, Czechia, designated as a Site of 

European Community Importance (SCI) and later classified as a National Nature Monument, 

has served as the site for an ongoing trophic rewilding project introducing large semi-wild 

ungulates for naturalistic grazing. The objective of this pilot study was to investigate the 

effects of naturalistic grazing on tick abundance and provide empirical data on this topic for 

the first time. The research was conducted from 2019 to 2021, utilizing flagging as the tick 

collection method and employing a Generalized Estimating Equations (GEE) model with 

negative binomial regression to investigate the potential differences in tick abundance 

between grazed and ungrazed areas. The model was also used to assess the seasonality 

(months), temperature, and humidity on tick abundance. A total of 586 live ticks were 

collected, with 20% found in grazed areas and 80% in ungrazed areas. The analysis revealed 

that landscape management type significantly affected tick abundance, with ungrazed areas 

showing higher abundance (p < 0.001) compared to grazed areas. However, there was no 

significant difference in tick abundance observed in grazed areas.  The rewilding efforts in the 
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Milovice Reserve, particularly the introduction of large ungulates for natural grazing, 

apparently have a significant impact on tick abundance and distribution. These findings 

contribute to our understanding of tick ecology and population dynamics in rewilded areas 

and highlight the importance of considering factors such as landscape management regime, 

seasonality, and environmental conditions in tick management strategies and conservation 

efforts in natural areas. 

 

Key words 

ecto-parasites, landscape management, large ungulates, seasonality, ecosystem 

 

Introduction 

The Ixodes ricinus tick is a major vector of tick-borne diseases (TBDs), including borreliosis, 

tick-borne encephalitis, ehrlichiosis, and babesiosis, in Europe. These diseases have a 

significant impact on both animal and human health, making I. ricinus ticks an important 

research target. The prevalence of TBDs presents a significant ecosystem disservice and 

directly affects public and wildlife health in Europe (Dunn, 2010). The complex ecology of I. 

ricinus has been extensively studied, but ongoing changes in land management, climate, and 

urbanization have played an important role in altering the distribution and abundance of 

ticks (Zając et al., 2021; Janzén et al., 2023). These changes offer new opportunities and 

challenges to tick populations regulating their dynamics (Hauck et al., 2020). To accurately 

assess the ongoing evolution of tick ecology, many aspects need to be considered and new 

perspectives identified. 

Landscape properties, including composition and configuration, and biological interactions of 

fauna and flora, influence the abundance of ticks and their hosts (Ehrmann et al., 2017). 

Since ticks are dependent on suitable hosts for development and survival, their ecological 

preferences are inevitably linked (McCoy et al., 2013). Habitat characteristics, such as plant 

composition, morphology, vertical structure, and coverage, exert selection pressure on both 

host visitation and tick activity (Tack et al., 2012). 

Large herbivores, particularly grazers, play an important role in the trophic chain and can 

significantly influence ecosystem structure and functioning (Johnson and Cushman, 2007). 

Such animals are known as "ecosystem engineers" because of their ability to create and 

maintain habitats suitable for their proliferation (Wilby et al., 2001).  In recent years, 

reintroductions of extirpated large mammalian species have become increasingly popular 

worldwide (Johnson and Cushman, 2007). This rewilding trend represents a different 

approach to ecosystem management, offering new, cost-effective options to recreate and 

maintain biodiverse environments with functional trophic interactions without intensive 

human intervention (Dvorský et al., 2022). Although there is considerable research activity in 

this area (Millins et al., 2017), to our knowledge, no empirical data have been published to 
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date on the abundance of ticks or prevalence of tick-borne diseases in connection to 

rewilding efforts.  

In 2015, the large herbivore trophic rewilding program in the Czechia introduced Exmoor 

ponies (Equus caballus), European bison (Bos bonasus bonasus), and Tauros cattle (Bos 

taurus) to a former military area in Milovice, located in central Bohemia. The grazed area has 

been gradually expanded over the years from 145 ha in 2015 to 355 ha in 2021. The local 

fauna and flora flourished under naturalistic grazing, increasing the species richness and 

functional diversity of plant communities, along with the incidence of Red List species 

(Dvorský et al., 2022). Such effective grazing may partially hamper bush encroachment and 

could have a positive effect on the control of ticks and tick-borne pathogens (TBPs). However, 

it should be noted that this management approach may have unintended consequences, 

such as an increase in the number of potential hosts for questing ticks. This could potentially 

lead to an increase in tick abundance, as has been observed in other studies focusing on 

conservation efforts and landscape management (Millins et al., 2017; Mysterud et al., 2013). 

We conducted a small-scale pilot study to examine the impact of large herbivore naturalistic 

grazing on tick abundance and to assess the potential implications for both the ecosystem 

and human population. 

 

Materials and Methods 

 

2.1 Study site: 

After the recission of the Soviet army in 1991, the Milovice military area covering  12.5 km2 

was designated as a Site of European Community Importance (SCI) Milovice-Mladá and later 

classified as a National Nature Monument Mladá. The protected area remained mostly 

unmanaged between 1991 and 2015, except for occasional off-road vehicle disturbances. On 

a significant part of the site, the once-diverse vegetation mosaic was homogenized by 

succession, with competitively strong grasses, such as Calamagrostis epigejos, Brachypodium 

spp., Bromus erectus, and Arrhenatherum elatius, ruderal herbs, and shrubs, including 

Crataegus monogyna, Prunus cerasifera, Prunus spinosa, and Rosa canina (Dvorský et al., 

2022).  

Since 2015, two separate parts of the reserve, Milovice in the south and Traviny in the north, 

have been selected for a rewilding project. These areas are now naturally grazed by large 

semi-wild ungulates, including horses (Exmoor ponies, Equus caballus), cattle (back-bred 

aurochs, Tauros breed, Bos taurus), and European bison (Bos bonasus bonasus). The 

presence of these large herbivores has led to an increase in the functional diversity of plant 

communities. Naturalistic grazing has promoted a vegetation change from species poor 

tallgrass to species rich, taxonomically, and structurally diverse grassland typical of European 

forest-steppe ecoregion (Dvorský et al., 2022). Small to medium-sized wildlife can freely 
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enter and exit the pastures through the wildlife passes in the electric fence. Various common 

wildlife species are abundant, including predators such as golden jackal (Canis aureus, 

resident, breeding), red fox (Vulpes vulpes), badger (Meles meles) (Jirků et al., 2018), and 

herbivore or omnivore species such as roe deer (Capreolus capreolus), fallow deer (Dama 

dama), wild boar (Sus scrofa), European hare (Lepus europaeus), various species of rodents 

(Apodemus, Myodes, Microtus, Sorex, Mus, Micromys spp.), reptiles (e.g. sand lizard, Lacerta 

agilis) and many other vertebrates, all of which are potential tick hosts. 

 

2.2 Tick collection:  

To estimate the abundance of I. ricinus ticks in the southern part of the Milovice Reserve, we 

employed flagging as a collection method, using a 0.5 x 0.5 m piece of cotton fabric with 1cm 

hair. The flag was employed at  a 150 m long and 5 m wide (750 m2) transects (as suggested 

in Eisen et al., 2019) at two selected sampling sites from March to September between 2019 

and 2021. To prevent overcollection bias, only 2-4 collections were performed each month 

during the designated collection periods. Flags were inspected at intervals of 30 seconds, 

equating to roughly every 15 meters. Collections were carried out for a period of one hour 

each. Flagging activities commenced when boundary temperatures reached 8 – 10 °C 

consistently for a minimum of 5 consecutive days, alongside relative humidity levels slightly 

below or surpassing 42%, following the criteria outlined by Hubálek et al. (2004). Collections 

were suspended during periods of windy weather or anticipated heavy rainfall. However, 

wind speed was not monitored during these observations. As large ungulates are free to 

roam the reserve, grazed transects were not sampled if the large ungulates were present in 

the vicinity. Due to this fact, tick activity was measured per person-hour of sampling, rather 

than normalized to the area of sampling. To minimize potential bias from tick movement, the 

two sites were separated by a 300 m buffer, with one site being actively grazed and the other 

ungrazed but neighboring the grazed area. The two selected transects had the following 

starting and ending points: grazed 50.2341503N, 14.8843336E - 50.2331414N, 14.8829389E, 

and ungrazed 50.2364631N, 14.8822306E - 50.2377119N, 14.8810506E. The grazed and 

ungrazed areas showed variances in both grass composition and length, alongside noticeable 

soil disturbance in pastured areas. However, notwithstanding these distinctions, the bush 

and tree cover remained largely alike. 

The southern grazed area “Milovice” (106 ha) was sampled systematically during 2019-2021, 

while the northern pasture “Traviny” was sampled on a single occasion in 2020 (Table S1) 

(ungrazed transect: 50.2895681N, 14.8641875E-50.2895200N, 14.8628089E; grazed 

transect: 50.2877411N, 14.8695464E-50.2874394N, 14.8705981E).  

At the start of each collection period temperature and humidity were assessed at the 

vegetation level using a hygrometer with an inbuild thermometer (LUTRON LM-81HT) that 

was placed on the ground at level with vegetation and left undisturbed for a duration of 1 
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minute to acclimate. The objective of these microclimatic measurements was to evaluate the 

potential influence on tick population abundance.  

The collected ticks were then stored in plastic containers at 5°C with a piece of grass to 

provide moisture. Live ticks were then sorted by developmental stage and sex using the key 

by Otranto et al. (2017), and their abundance was counted for evaluation. Ticks of all 

developmental stages were included in the abundance evaluation. 

 

2.3 Statistical analysis: 

We used a generalized estimating equation (GEE) model with a negative binomial regression 

approach to assess the impact of landscape, season, temperature, and humidity on the 

abundance of I. ricinus ticks. The GEE model was selected to account for the correlation 

within the data due to repeated measurements taken at the same locations over time, 

making it suitable for analyzing data with repeated measures and accommodating the 

presence of zero values in the dataset. To address any potential overdispersion in the 

distribution of questing ticks among dragging sites, we utilized a negative binomial error in 

the models. The models considered total tick counts as the dependent variable, 

incorporating ticks from all life stages captured by flagging. Adjustments were made for the 

clustering of observations by sampling site. The independent variables included landscape 

management (grazed vs. ungrazed), collection month (March, April, May, June, and 

September), temperature, and humidity. The GEE model assumed a log link function and a 

Poisson distribution for the tick abundance data. To account for any potential 

heteroscedasticity in the data, robust standard errors were employed. Additionally, an 

exchangeable correlation structure was applied to capture the correlation among repeated 

measurements. 

To explore the relationship between continuous predictors and the outcome, we categorized 

the predictors into seasons and years and conducted graphical evaluations. All statistical 

computations were performed using R Studio (R Core Team, 2021), and the GEE model fitting 

was implemented using the geepack package (Halekoh et al., 2006). Graphical 

representations were created using GraphPad Prism 9.0.0 (GraphPad Software, Boston, 

Massachusetts USA). 

Results 

During the collection periods, we collected a total of 586 live ticks, consisting of 163 adult 

females, 132 adult males, 288 nymphs, and 3 larvae. Among these, 118 ticks (20 %) were 

found in grazed areas, comprising 46 nymphs, 43 adult females, 27 adult males, and 2 larvae, 

while 468 ticks (80 %) were found in ungrazed areas, consisting of 242 nymphs, 120 adult 

females, 105 adult males, and 1 larva (Table S1). During the single collection in the "Traviny" 

section of the reserve, we found a total of 28 ticks: 21 (75%) on the ungrazed transect and 7 

(25%) on the grazed transect. The ticks on the ungrazed transect were comprised of 10 
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females, 7 males, and 4 nymphs, while the ticks on the grazed transect consisted of 1 female 

and 6 larvae (Table S1). 

The statistical analysis demonstrated that landscape management had a significant effect on 

tick abundance (β = 18.205, p < 0.001) (Table 1). Specifically, ungrazed areas exhibited 

significantly higher tick abundance compared to grazed areas (β = 1.41475, SE = 0.33158). 

However, when comparing tick abundance within grazed areas, we did not observe a 

statistically significant difference (β = 0.27600, SE = 0.37089). Tick abundance varied across 

different months, with positive coefficients for the season variables indicating higher tick 

abundance in certain months, although not all effects were statistically significant. The β 

values associated with April and May were positive, with a significant peak in April (p = 

0.0145) for both grazed and ungrazed transects (Table 1, Figure 1). Conversely, a significant 

negative association was found between tick abundance and the month of September (β = -

0.72506, p = 0.011), indicating lower tick abundance during September compared to the 

other months. However, no significant associations were found for the months of March and 

June. In contrast, micro-climatic variables such as temperature (β = 0.034, p = 0.853) and 

humidity (β = 0.740, p = 0.390) did not exhibit a significant impact on tick abundance 

compared to the landscape management regime and season variables (Table 1). 

 

Discussion and conclusions 

Our findings suggest a strong correlation between tick abundance and landscape 

management regime, and habitat changes induced by naturalistic grazing of large ungulates. 

We observed a pattern of overall reduced tick numbers in grazed sites. The ungrazed fallow 

sites left without human intervention showed high tick abundance. The Milovice reserve, 

which employs a specific type of land management that balances grazing pressure to prevent 

overgrazing while averting bush and tallgrass encroachment, has increased overall 

biodiversity in both plant and animal species (Dvorský et al., 2022; Jirků et al., 2018; Konvička 

et al., 2021). Although such development potentially enhances the suitability of the habitat 

for tick survival by provision of diverse and abundant vertebrate host communities, our 

observations suggest otherwise. 

Ticks can introduce tick-borne pathogens (TBPs) to ecosystems, and their abundance can be 

one of the driving factors of TBP prevalence. Tick-host-pathogen relationships are known to 

be complex and influenced by several factors. For example, the dilution effect predicts 

reduced infection prevalence in habitats with high species variability (Keesing et al., 2006; 

LoGiudice et al., 2003). Furthermore, the host's competence to serve as a suitable feeding 

target and reservoir of tick-borne pathogens (TBPs) is also an essential factor (Keesing et al., 

2009). Additionally, ticks may preferentially select hosts based on their competence as a 

feeding target (Randolph and Dobson, 2012). Habitat characteristics are equally important 

for the dispersal and prevalence of TBPs (Ehrmann et al., 2017), and it was proposed for 

habitats to be specified as either diluting or amplifying (Ehrmann et al., 2018).  
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Our research evaluated solely the abundance of ticks on each landscape management 

regime, leading to a limited number of conclusions. We observed high numbers of adult ticks 

on both grazed and ungrazed areas of the Milovice reserve, with peak abundance between 

April and May of 2020 (Figure 1). Tick collections yielded similar numbers of nymphs and 

adults. This might be explained by the high abundance of hosts suitable for adult and 

nymphal stages of I. ricinus like hares, hedgehogs, deer, and megafauna inhabiting the 

Milovice reserve (cattle, horse, bison). As wildlife movement remains unaffected by fencing 

of pastures and wild animals are able to roam in and out, host induced migration of adult 

ticks from adjacent areas is obviously occurring. The low quantity of collected tick larvae 

could be attributed to potential human error during the collection and selection of flags. 

Given their small size, it is possible that some larvae were overlooked and not accounted for 

in the final evaluation. 

As suggested by the presented results, large ungulate grazing apparently greatly decreases 

the tick abundance at sampling area. This could be caused by significant change in vegetation 

structure, its floristic composition and physical turf disruption resulting from natural grazing. 

Complementary increase of shortgrass and decrease of tallgrass vegetation directly 

facilitated by large ungulates might be of utmost importance. The significant decrease in 

surface coverage of dense tallgrass vegetation dominated by graminoids and increase of 

shortgrass vegetation with high proportion of forbs typically associated with grazed sites 

(Dvorský et al., 2022) necessarily results in limited availability of microhabitat features 

essential for survival and successful life cycle completion in I. ricinus. These include i) lack of 

preferential questing sites high above ground on emergent graminoids (Gassner et al., 2011) 

and ii) scarcity of shady humid microclimatic refugia below the live and dead graminoid 

biomass used by ticks during hot dry weather (Gern et al., 2008). These grazing-associated 

vegetation characteristics might well explain the negative correlation between tick 

abundance and grazing observed in this study. It's worth noting that tick collection bias may 

have influenced our results. There's ongoing discussion about the suitability of flagging for 

certain habitats and the variability in flagging efficiency among different transects (Dantas-

Torres et al., 2013). To address this potential bias, we followed identical collection protocols 

on both transects, as recommended by Eisen et al. (2019). Although ungrazed transects 

presented challenges due to increased grass growth, the plain-like grassland habitat 

remained accessible. Our statistical analysis suggests that weather conditions, i.e., 

temperature and humidity have a low overall influence on tick abundance. Instead, 

landscape management regime (grazed vs. fallow) and habitat properties (shortgrass vs. 

tallgrass vegetation) are the more important factors in explaining the local variation of tick 

abundance. These results correlate with the larger study of Ehrmann et al., (2017). 

Through small-scale sampling, we have gathered empirical data that establish a baseline for 

the impact of man-induced trophic rewilding processes on tick abundance. Given that 

rewilding is a relatively new conservation approach with a somewhat flexible definition, it's 

important to clarify that in our research, we adhered to the latest definition of the term as 

outlined in Ledger et al. (2022). According to this definition, rewilding involves regenerating a 
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human-disturbed or degraded ecosystem with the goal of increasing its autonomy over time. 

Trophic rewilding, within this context, specifically targets the stimulation of ecological 

processes through trophic cascades and the introduction of large animals. Our research 

connects changes in landscape and habitat due to grazing and ecosystem engineering 

activities of large grazers with the abundance of ticks. While the amount of data collected 

during this pilot study is limited and represents only a small fraction of the potential data 

available regarding ecosystems undergoing rewilding, empirical data from ongoing rewilding 

projects are scarce. In particular, data on ticks and TBDs in the context of naturalistic grazing 

schemes are virtually lacking. Therefore, our findings have significant implications that could 

potentially stimulate further research on the association between rewilding efforts and the 

threat of tick-borne diseases. More detailed research is needed to fully understand the 

implications of decreased tick abundance on the prevalence of TBPs and the capacity of 

animal species involved in rewilding projects to act as reservoirs. It is crucial to further 

investigate this relationship to promote effective rewilding strategies that prioritize both 

ecosystem restoration and public health. 
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Figures 

 

Figure 1: Effects of landscape management regime on Ixodes ricinus abundance during 

collection period 

* Area of Traviny, neighboring pasture to Milovice  
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Tables 

Table 1: Results of GEE analysis. 

 

 

 

  

Coefficients: Estimate (β) Std.err. (SE) Wald Pr(>|W|) 

 
(Intercept) 1.08752 2.2563 0.232 0.6298 

 

Landscape (Grazed) 0.27600 0.37089 0.554 0.4568 
 

Landscape (Ungrazed) 1.41475 0.33158 18.205 0.0000 
 

Month (March) -0.62454 0.35940 3.020 0.0823 
 

Month (April) 0.34567 0.78920 3.020 0.0145 
 

Month (May) 0.32629 0.63920 0.261 0.6097 
 

Month (June) -0.89033 0.73383 1.472 0.2250 
 

Month (September) -0.72506 0.28508 6.469 0.0110 
 

Temperature (°C) 0.01531 0.08275 0.034 0.8533 
 

Humidity (%) 0.01555 0.01808 0.740 0.3897 
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Supplementary materials 
 

Table S1: Detailed collection data   
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CHAPTER 5 - Postindustrial Landscapes Are Neglected 

Localities That May Play an Important Role in the Urban 

Ecology of Ticks and Tick-Borne Diseases – A Pilot Study 
 

 

Construction waste deposit area in Prague-Sedlec (photo by Anna Dvořáková) 

 

Adopted from:  Dvořáková A, Klímová A, Alaverdyan J, Černý J. 2023. Postindustrial 

Landscapes Are Neglected Localities That May Play an Important Role in the Urban Ecology of 

Ticks and Tick-Borne Diseases—A Pilot Study. Pathogens 12:648. 

 

Author contributions: Conceptualization: J.Č.; tick collection and laboratory analyses: A.D. 

and J.A.; statistical analyses: A.K.; writing—original draft preparation, review, and editing: all 

authors. 
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4. DISCUSSION  
 

This dissertation aimed to explore and delve into novel and understudied subjects that 

interconnect ticks, their living environment, and the hosts essential for their survival. The 

obtained data distinctly indicated that gaps persist in the otherwise extensive knowledge of 

tick-related issues. The ever-increasing complexity of TTBDs ecoepidemiology is further 

complicated by new variables such as unpredictable climate change, expanding human and 

agricultural animal populations, and their influence on ecosystems and environments. 

The escalating climate change our planet is undergoing appears to be one of the 

driving forces that accelerate significant alterations in tick distribution, viability, and 

subsequently, the prevalence TBPs in regions previously unaffected by this threat 

(Sonenshine 2018; Voyiatzaki et al. 2022; Nuttall 2022; Lee & Chung 2023). Zoonotic diseases 

carried by hard ticks and primarily associated with wildlife transmission could experience a 

more pronounced influence from climate change and a relatively lesser influence from 

human activities compared to other vector-borne diseases like malaria or dengue (Ogden et 

al. 2014, 2021). Through influencing a wide variety of ecological aspects (host abundance 

and species, precipitation, habitat change etc.) climatic change can present both advantages 

and disadvantages for tick populations, introducing new evolutionary pressures with 

outcomes that remain difficult to predict in the long term. It is theorized that tick species 

that exhibit a generalist behavior will display greater resilience in the face of alterations. 

Consequently, this phenomenon could potentially lead to a decrease in biodiversity within 

tropical areas, while concurrently fostering an upswing in diversity within temperate regions, 

driven by the shifting geographical ranges of these adaptable tropical species (Davey et al. 

2013; Kortsch et al. 2015). Some researchers believe that with decrease in the variety of host 

animals, the risk of TBPs spread increases (Salkeld et al. 2013; Wood et al. 2014). On the 

other hand, some believe that having more diverse host populations can be beneficial due to 

the so called 'dilution effect'. This effect results in a reduction in pathogen transmission due 

to the increase in ecological community diversity, as outlined by Keesing (2006) and 

LoGiudice et al. (2003). However, how much the diversity of host animals actually affects the 

spread of tick-borne diseases is a big topic of debate among experts (Randolph & Dobson 

2012; Ostfeld 2013; Levi et al. 2016). The final outcome is of course still unclear and 

continues to evolve, as far as we know the final outcome could go either way in following 

years (Ogden & Tsao 2009). The dynamics of climate change, leading to shifts in temperature 

and humidity, can prompt host animals to explore broader geographical areas for refuge and 

resources. This unintentional movement can transport ticks to regions previously not 

identified as viable habitats. Consequently, it becomes imperative to assess all accessible 

natural and semi-natural environments as potential tick habitats. This evaluation should 

encompass both the current scenario and the evolving tick ecology in the future. 

With changing circumstances any evolutionary advantage is now crucial for the 

survival of each tick population (Dantas-Torres 2015). Ticks spend the majority of their life 
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off-host, thereby being susceptible to potential perils including freezing, heat stress, and 

desiccation (Thomas et al. 2020). In connection to this, ticks have evolved mechanisms to 

evade suboptimal conditions, often by adopting sheltered positions underneath leaf litter or 

in soil, or by upholding physiological equilibrium when confronted with these challenges, 

frequently through rehydration processes (Gray et al. 2021). Comprehensive, long-term 

study by Brunner et al. (2023) revealed that in semi-natural conditions (artificial tick 

enclosures in natural environment without external control) tick survivability differed greatly 

even when subjected to identical treatment protocols and environment state. This 

divergence was particularly prominent in larvae and nymphs, but adults showed some 

variability as well. This variability baffled the authors and suggested that there are other 

factors “in play” apart from the measured air temperature, relative humidity, soil 

temperature, and soil humidity. The authors discuss the influences of entomopathogenic 

fungi or predatory arthropod communities (Burtis et al. 2019), but no clear answer presents 

itself.  This research nicely illustrates the great variability of tick survival and further confirms 

that tick ecology might be even more complicated than previously thought and more 

variables need to be considered.  

As a fascinating variable affecting tick survivability, we can also examine the influence 

of TBPs on their tick vectors. It is known that pathogens possess the ability to influence the 

characteristics of both their hosts and vectors, thereby optimizing their own reproductive 

success. Within the realm of modifiable phenotypic traits, the most intriguing subset involves 

the manipulation of vector behavior leading to increased transmission of pathogens. This 

manipulation can be accomplished through diverse mechanisms, like the increase of the 

number of vector-host interactions, disabling vector reproduction to provide nutrients to the 

pathogen itself, or boost of vector longevity (Hurd 2003). Changes in tick behavior or viability 

were observed in many studies and encompassed many TBPs like Anaplasma spp., tick-borne 

encephalitis virus (TBEV) and most prominently borrelia spirochetes. Pilot study by Lefcort 

and Durden (1996) showed that Ixodes scapularis ticks infected by Borrelia burgdorferi, 

exhibited an augmentation in their phototactic response and an enhanced attraction toward 

vertical surfaces, in contrast to their non-infected counterparts. These modifications in 

behavior appear to have an adaptive significance, potentially facilitating the transmission of 

borrelia. This could be attributed to the fact that the heightened phototaxis and increased 

affinity for vertical surfaces could elevate the probability of interactions between the tick 

vector and a potential reservoir host, thus promoting more effective transmission of the 

pathogen. Subsequently, some conflicting studies have emerged, linking borrelia infection to 

decreased  mobility in diverse ixodid tick species (Alekseev et al. 2000). Other borrelia 

studies observed even more alterations in tick behavior like different temperature 

preferences of infected ticks (Alekseev & Dubinina 2000), higher surfaces seeking (Lane et al. 

2007) or even preference to attach to flagging scientists suggesting infection induced 

increase in host finding (Faulde & Robbins 2008). Furthermore, physiological changes 

manifest among ticks carrying borrelia, encompassing alterations beyond behavioral aspects. 

For example, the invasion of I. scapularis salivary glands by B. burgdorferi involves the 
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utilization of a mechanism where a tick salivary protein known as salp15 is exploited. This 

protein forms a binding interaction with the spirochetes, affording them protection against 

elimination mediated by host antibodies. Consequently, this molecular interplay enhances 

the efficacy of infection within mice (Ramamoorthi et al. 2005). Other advantages connected 

to infection of ticks by borrelia like desiccation protection (Herrmann & Gern 2010), higher 

energy (fat) reserves (Herrmann et al. 2013) or boost in overwintering survival  (Nabbout et 

al. 2023) have also been confirmed. Other pathogens like anaplasma can boost expression of 

supporting genes influencing vector fitness and pathogen transmission (Cabezas-Cruz et al. 

2016, 2017), increase synthesis of heat shock proteins hsp70 and hsp20 (Villar et al. 2010), 

preventing desiccation (Busby et al. 2012) or even stimulate the production of an antifreeze 

glycoprotein, which safeguards ticks from cold temperatures (Neelakanta et al. 2010). Finally, 

TBEV is hypothesized to increase mobility, questing height and host-seeking activity or boost 

tolerance to N,N-diethyl-meta-toluamide (DEET) (Süss et al. 2004; Belova et al. 2012). 

Pathogens from other genera such as Bartonella, Babesia, or Rickettsia have received 

comparatively less comprehensive investigation regarding their impact on tick vectors 

(Benelli 2020). It is evident that interactions between tick vectors and pathogens not only 

exist but also exert significant influence, further complicating the study of TTBDs. 

Given the multifactorial nature of TTBDs ecology, it is imperative to integrate 

additional considerations that may reveal previously undiscovered insights. Our team's 

comprehensive review paper on the interactions between zoo-housed animals and TTBDs 

(Hrnková et al. 2021) exposed a knowledge gap, particularly concerning exotic animals. This 

gap extends beyond zoo environments to private care facilities, including farms. Given that 

numerous farms in Czechia housing exotic animals emphasize large herbivore species (Lojda 

2011), the necessity to appraise their influence on TTBDs became evident.  In general, large 

herbivores, especially grazers, occupy an integral position in the trophic hierarchy, exerting 

substantial influence on the structure and operation of ecosystems (Johnson & Cushman 

2007). These animals are often referred to as "ecosystem engineers" due to their capacity to 

construct and uphold habitats conducive to their own expansion (Wilby et al. 2001). Based 

on the tick collections in our investigation pertaining to Borrelia spp. in exotic animal farms 

(Hrnková et al. 2022), it becomes evident that the existence of large grazing ungulates 

notably diminishes tick populations within paddocks. This decline could be attributed to 

notable changes in vegetation structure, its botanical composition, and physical ground 

disruption resulting from grazing. The simultaneous increase in shortgrass and decrease in 

tallgrass vegetation, directly influenced by the activities of large ungulates, carries substantial 

significance. The significant reduction in the abundance of dense tallgrass vegetation, 

primarily composed of grass-like plants, alongside the emergence of shortgrass vegetation 

containing a substantial proportion of broad-leaved plants commonly observed in grazed 

environments (Dvorský et al., 2022), restricts the availability of essential microhabitat 

elements necessary for the survival and proliferation of I. ricinus ticks. For example, the 

absence of elevated vegetation for ticks to quest on above the ground is crucial, as noted by 

Gassner et al. (2011). Additionally, there is a scarcity of shaded and humid microclimatic 
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shelters beneath live and dead grass biomass, which ticks rely on during hot and dry 

weather, as highlighted by Gern et al. (2008). The characteristics of the vegetation resulting 

from grazing activities help explain the inverse relationship between tick abundance and 

grazing observed in our data. Landscape management (grazed versus fallow) and habitat 

features (shortgrass versus tallgrass vegetation) emerge as key factors in clarifying the 

localized variations in tick populations.  Our study conducted in Milovice supports this 

hypothesis that there exists a clear correlation between landscape properties and tick 

abundance. Although we did not directly study the host population, it is widely recognized 

that the presence of suitable habitats for primary host species significantly influences tick 

population dynamics (Spickett 1994; Fahrig et al. 2011; Ehrmann et al. 2017). The overall 

diversification and thriving of the flora, as observed in the Milovice rewilding area (Dvorský 

et al. 2022), are known to foster an increase in the richness of animal species (Wolters et al. 

2006; Lewinsohn & Roslin 2008; Castagneyrol & Jactel 2012). This pattern suggests a robust 

correlation with tick populations, indicating that as the diversity and abundance of hosts 

increase, there is a likelihood of a parallel rise in tick populations. Nevertheless, our 

observations revealed distinct differences between pastured and unpastured areas, where 

there were no apparent restrictions to the movement of potential hosts apart from the 

locations of wildlife passes. This contrast could suggest that the landscape and habitat 

characteristics have a more substantial influence than the mere abundance of hosts. 

Alternatively, it is plausible that hosts were more densely concentrated in unpastured areas. 

However, to finalize this hypothesis, more data regarding local host populations would need 

to be collected. 

In our study dedicated to postindustrial landscapes (Dvořáková et al. 2023), we 

studied processes opposite to those leading to decrease in tick abundance caused by 

unsuitable habitats. Here, the interplay of ecological succession alongside the encroachment 

of bush and tall-grass vegetation enhances the suitability of the "terrain vague" (a term 

borrowed from French) (Gandy 2016) for I. ricinus ticks. Numerous studies (Ejrnæs et al. 

2003; Kuiters & Slim 2003; Munford et al. 2020; Hutniczak et al. 2022) have documented the 

successful recolonization of wild plant species in abandoned or semi-abandoned areas 

previously utilized by humans (e.g., abandoned mines, railroads, sandy fields, old agricultural 

areas). According to the collected data, the levels of macronutrients such as carbon (C), 

phosphorus (P), and nitrate-nitrogen (N-NO3), as well as the abundance of organic matter 

(litter), silt content, and pH, emerge as critical factors influencing plant encroachment and 

species composition on these abandoned landscapes (Munford et al. 2020; Hutniczak et al. 

2022). Even the construction waste deposited at disposal sites, composed of inert materials 

including clay, earth, concrete, rubble, and bitumen (Yuan et al. 2021), doesn't necessarily 

impede plant growth; some plant species are adept at recycling such materials (Ulubeyli et 

al. 2017). As ecosystems gradually establish themselves after abandonment and tick hosts 

migrate to reestablish viable populations on such areas (Daniel & Černý 1990; Martínez-

Abraín 2019), new opportunities for ticks arise, concurrently presenting novel challenges to 

the general public.  
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5. CONCLUSIONS 
 

In conclusion, the undeniable fact is that the extensive research encompassing TTBDs is 

laden with even greater complexity than initially thought. During the data collection phase 

for this thesis, the first step involved conducting a systematic review of existing literature 

concerning the interactions between zoo-housed animals and TTBDs, as well as the 

identification and assessment of current recognized and endorsed optimal management 

strategies. The investigation revealed deficiencies in knowledge, especially concerning exotic 

animals. This observation served as the foundation for subsequent research that addressed 

this issue on farms housing exotic animal species in Czechia. Upon the collection of data 

regarding the abundance of ticks and Borrelia spp. within farms housing exotic large 

ungulates, a concurrent discovery emerged. There was a conspicuous absence of all tick 

stages in pastured areas directly influenced by these animals. This influence was attributed 

to the animals’ grazing behavior and the disturbance of soil resulting from their movements. 

This discovery prompted an examination of the ecosystem engineering capacities of large 

ungulates. The Milovice protected area, where a rewilding program is ongoing, served as an 

ideal study site for this investigation. The hypothesis that tick populations would decrease in 

pastured areas was substantiated by empirical data from Milovice. These findings provided 

valuable insights into the impact of rewilding and semi-controlled pasture landscape 

management on tick abundance. The final research investigation, centered on the less-

explored landscapes of the 'terrain vague,' further substantiated the tick-landscape patterns 

observed in Milovice. The swiftly changing environment, propelling the expansion of ticks 

into previously uncharted territories, coupled with the evolutionary advantages TBPs bestow 

upon their tick vectors, may potentially herald a problematic future. Our team's fresh dataset 

has introduced innovative viewpoints in this domain. We have presented empirical evidence 

of I. ricinus tick encroachment into unexpected areas undergoing dynamic ecological 

successions. Additionally, we have established the presence of Borrelia spp. in exotic farm 

animals within Czechia for the first time. We have also provided evidence of the significant 

impact of large ungulate ecosystem engineers on grazed landscapes affecting tick abundance 

solely through their presence. The impact of landscape type and management has been 

affirmed across all our publications. It is obvious that a holistic approach is essential for 

evaluating all variables within the intricate tick-related science, as exemplified in our review 

concerning TTBDs management. A comprehensive assessment of risks to both human and 

animal health necessitates further research. This includes evaluating the effect of borrelia 

infections on exotic animal species, assessing vector/host competence among exotic and 

reintroduced animals, and conducting prolonged observations in more "terrain vague" areas 

to yield statistically robust findings. We're aiming for our team's efforts to shed light on new 

paths in tick-related research and to be a solid part of the growing field of modern tick 

studies. 
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7. CURRICULUM VITAE 
 

EDUCATION 

September 2018 – ongoing 

Ongoing Ph.D. studies • Czech University of Life Sciences (CULS) • Department of Animal 

Science and Food Processing • Prague, Czechia  

 

June 2018 

Finished Master studies acquiring the Ing. title • CULS • Department of Animal Science and 

Food Processing • Prague, Czechia 

 

RESEARCH PRACTICE 

May 2023 – ongoing 

Junior researcher • National Radiation Protection Institute • Prague 

Optimized and implemented advanced radiation exposure measurement methods based on 

cytogenetic analysis, including dicentric chromosome assays, gamma-H2AX, and micronuclei 

assays. Conducting research to optimize and establish gene expression assays for 

biodosimetry applications. 

 

May 2022 – March 2023 

Researcher and wildlife genetics specialist • Forenzní DNA servis s.r.o. • Prague 

Conducted research within a forensic genetic laboratory, focusing on the development and 

testing of novel PCR and fragmentation analysis assays. These assays were designed for the 

precise species and individual identification of endangered animals. Additionally, engaged in 

secondary laboratory tasks involving human genealogy and paternity tests, utilizing 

fragmentation analysis and sequencing techniques. 

 

July 2015 – April 2022 

Study research • Laboratory of Molecular Biology CULS • Prague 

From 2015 to the completion of my master's and doctoral research, I worked in the 

molecular laboratory of the Czech University of Life Sciences in Prague. I utilized nested, 

endpoint, and real-time PCR methods, conducted gel electrophoresis, and performed 
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DNA/RNA isolation and sequencing. I held operational responsibility for the laboratory, 

ensuring the perfect purity of samples and the safety of both the laboratory environment 

and human health during the handling of hazardous materials and pathogens. 

June 2018 - January 2020 

Laboratory technician • Institute of Molecular Genetics • Czech Academy of Sciences • 

Prague 

Engaged in the study of genetically modified zebrafish (Danio rerio), including the care and 

maintenance of multiple genetic lineages through breeding. Engaged in fundamental 

laboratory techniques, such as PCR, microscopy, and electrophoresis. Provided valuable 

support for research endeavors focused on blood cell differentiation. 
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Laboratory intern • State Veterinary Institute • Prague 

Engaged in a voluntary internship at the State Veterinary Institute in Prague, with a primary 

focus on the molecular biology laboratory. Conducted DNA/RNA isolation from diverse 

sample sources, including tissues, blood, and food. Demonstrated practical expertise in Real-

time PCR and Sequencer applications, utilizing GenBank and other relevant software. 

Proficiently worked with pathogens of bacterial and viral origins during the internship. 
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Spread of ticks and tick-borne diseases: new and non-negligible risks to domestic animals, 

livestock and humans • National Agency for Agricultural Research • QK1920258 

Conducted research on the prevalence of ticks (Ixodes ricinus) and the associated 

transmission of pathogens. Collaborated with the Biological Center (Czech Academy of 

Sciences) in České Budějovice, the Veterinary and Pharmaceutical University of Brno, and the 

Veterinary Research Institute in Brno through a 3-year research project facilitated by the 

Czech University of Life Sciences (CULS). Published scientific articles and organized a 2021 

Workshop, adapted to an online format due to the challenges posed by Covid-19, to engage 

a broader audience. 

December 2020 – April 2022 

Humanitarian response to the COVID - 19 pandemic (Ethiopia, Zambia) • Mobile molecular 

laboratory • Czech Development Agency • ADRA • CULS 

Collaborated with the Czech University of Life Sciences on a startup initiative named CZU 

mobiLAB. This project, conducted in partnership with the non-profit organization ADRA and 
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the Czech Development Agency, focuses on enhancing the diagnosis of SARS-CoV-2 and other 

pathogens in remote regions of developing countries, presently in Ethiopia and Zambia. 

Our team designed a mobile laboratory, a pivotal element in the initiative, which can be 

conveniently transported using a pick-up or off-road vehicle. This solution enables 

diagnostics even in challenging conditions, featuring a spacious tent with an insulating layer, 

along with air conditioning and heating capabilities. As the co-manager of the laboratory, my 

role involved overseeing the quality and functionality of molecular diagnostic methods and 

devices. 

January 2021 – January 2022 

Project dealing with early detection of dangerous influenza mutations • provisional name 

GECON • Army of the Czech Republic • CULS 

Engaged in a collaborative effort between the Military Health Institute of the Military Health 

Agency of the Army of the Czech Republic and the Czech University of Life Sciences, focusing 

on the GECON startup. This project centers on the proactive detection of influenza mutations 

from databases aggregating sequences of individual influenza strains, particularly utilizing 

GenBank. 

Within this project, I served as an expert advisor and assistant, overseeing the tracking of 

significant mutations. Collaborating closely with other team members, I contributed to the 

development and effective operation of the diagnostic program, ensuring its accuracy and 

functionality. 
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Komplex metod biologické a fyzikální retrospektivní dozimetrie pro radiační mimořádné 

události • Ministry of the Interior • VK01020052 

The current international political situation is drawing attention to the issues of the threat of 

misuse of ionizing radiation sources, including possible attacks on nuclear power plants and 

use of nuclear weapons. In the field of nuclear safety and radiation protection, it is necessary 

to take into account scenarios involving a large number of irradiated persons who were not 

equipped with conventional dosimeters. The existing system of already established methods 

of physical retrospective dosimetry needs to be supplemented by methods of biological 

dosimetry not yet implemented, and to verify their mutual compatibility and 

complementarity. The increase in capacity consists in the use of advanced (semi)automated 

biomedical technologies and interlaboratory cooperation. 
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