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Zusammenfassung

Rehe und Wildschweine gehoren in Europa zu den haufigsten Kulturfolgern mit fla-
chendeckender Verbreitung. Sie gelten als wichtige Wirte fiir Zecken und scheinen
eine bedeutende Rolle im Lebenszyklus von zeckeniibertragenen Krankheiten zu
spielen. Von August 2011 bis Februar 2014 wurden im Bienwald (Rheinland-Pfalz)
247 Rehe und 344 Wildschweine auf ihren Zeckenbefall sowie auf bevorzugt befal-
lende Korperstellen und Infektionen untersucht. Zecken und Organproben wurden
durch PCR auf Rickettsien- und Borrelienspezies analysiert. Von 83 sequenzierten
Zecken wurde in 9 Rickettsia helvetica gefunden. Eine statistische Auswertung, ein-
schliefdlich Faktorenanalyse, Entscheidungsbdume, generalisierte lineare Modelle
und logistische Regressionen, wurde verwendet, um die Schliisselfaktoren beziig-
lich Zeckenbefall, befallener Kérperstellen und Infektionen zu identifizieren. Dabei
wurde eine Vielzahl neuer Erkenntnisse gewonnen: Geschlecht, Alter und korperli-
cher Verfassung von Rehen beeinflusste den Befall mit Zecken deutlich. Der Befall
auf Wildschweinen war erheblich niedriger als auf Rehen. Klimatische Faktoren kor-
relierten signifikant mit der Zeckenabundanz, wobei Zecken die Korperstelle zur
Blutmahlzeit aktiv auswahlten und ganzjahrig aktiv waren. Weibliche adulte Zecken
zeigten dabei die niedrigste Spezialisierung. Keine der Organproben zeigte eine Ri-
ckettsien- oder Borrelieninfektion. Zecken von Rehen waren zu 47% mit Rickettsia
spp. und zu 3,4% mit B. burgdorferi s.l. infiziert, wahrend von Wildschweinen 41,7%
der Zecken mit Rickettsien und keine mit Borrelien infiziert waren. Infektionen mit
Rickettsien wurden durch Jahreszeit, Saugstadium und Geschlecht der Zecken sowie
durch Wirtszustand und -geschlecht signifikant beeinflusst. Die Borrelien abtétende
Wirkung von Rehblut in gesaugten Zecken wurde bestétigt. Eine dhnliche Wirkung
fiir Wildschweinblut wird vermutet. Die Studie zeigt, dass Rehe gegeniiber Wild-
schweinen die bevorzugten Wirte flir Ixodes ricinus sind und somit eine herausra-
gende Rolle fiir zeckeniibertragene Krankheiten spielen. Dies ist weltweit die erste
und umfangreichste Langzeitstudie von Zecken auf Rehen und Wildschweinen in ei-

nem gemeinsamen Habitat mit dem grof3ten Datensatz.
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Abstract

European wild boar and roe deer belong to the most common, synanthropic and
widespread species of big game in Europe. They are potential key hosts for ticks and
are hypothesized to play an important role in the life cycle of tick-borne diseases.
From August 2011 to February 2014, 247 European roe deer and 344 wild boar
were investigated for tick prevalence, abundance, preferred attachment sites and
pathogen infections in a forest in southern Germany (the Bienwald, Rhineland-Pa-
latinate). Ticks and organ samples were analyzed by PCR for infections with Rickett-
sia spp. and B. burgdorferi s.l. species. 83 tick samples were sequenced finding Rick-
ettsia helvetica in 9 ticks. An extensive statistical evaluation, including factor analy-
sis, decision trees, generalized linear modelling and logistic regressions, was used
to identify, rank and analyze the key factors related to tick burden, feeding site se-
lection and infections. The results included several novel findings. Host sex, age and
condition influenced the tick burden on roe deer significantly. The infestation inten-
sity on wild boar was considerably lower than on roe deer. Climatic factors corre-
lated significantly with tick intensity, while ticks were active all-year and chose their
feeding site actively preferring the abdomen, sternum and ear. Thereby, female ticks
had the lowest feeding site specialization, which was lowest during the warmer
months. None of the organ samples showed a Rickettsia or Borrelia infection. Ticks
from roe deer were infected to 47.0% with Rickettsia spp. and to 3.4% with B.
burgdorferi s.l. From wild boar 41.7% of the ticks had Rickettsia spp. and no Borrelia
spp- were found. Rickettsia infections were significantly related with engorgement,
the host’s physical condition, sampling period and the sex of the ticks and hosts. The
borreliacidal effect of roe deer is confirmed and a similar effect is proposed for wild
boar. The results indicate that roe deer play a more important role than wild boar in
the distribution and ecology of Ixodes ricinus, as well as in the epidemiological lifecy-
cle of tick-borne diseases. This is the first and most comprehensive long-term study
of ticks from roe deer and wild boar in a common habitat with the largest dataset

currently available worldwide.
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Introduction

1.1 Overview

Worldwide, there is no other group of arthropods that transmits a greater variety of
pathogens, including viruses, bacteria and protozoa, affecting humans, livestock and
companion animals than ticks (Jongejan and Uilenberg 2004). In Europe, the sub-
stantial majority of vector-borne human diseases are transmitted by ticks with
highly increasing incidence (Randolph 2001). The most prevalent pathogens are
commonly transmitted to humans by the generalist ixodid tick Ixodes ricinus sensu
stricto (Humair and Gern 1998). The increasing emergence of human diseases trans-
mitted by ticks of the I ricinus (L.) complex (see Figure 1.1) appears to be occurring
simultaneously with changes in their spatial distribution, abundance and their asso-
ciated pathogens (Pfaffle et al. 2013). However, evidence suggests that the current
range expansion of ticks and the emergence of tick-borne diseases are also strongly
correlated with changes in climate, human behavior and habitat modifications (e.g.
habitat fragmentation) (Halos et al. 2010). Previous studies substantiate the im-
portance of the effects of potential tick and reservoir hosts on the epidemiological
life cycle of tick-borne diseases and disease outbreaks (McCoy et al. 1999, Estrada-
Pefia et al. 2006, Keesing et al. 2006). In particular, tick and pathogen prevalence is
known to be strongly correlated with the presence and density of suitable host spe-
cies as well as with their ecology (Gray et al. 1999, Dautel et al. 2006, Durden 2006,
Ogden etal. 2008, Gilbert 2010, Kiffner etal. 2011c, Petney etal. 2011). As ticks have
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Figure 1.1: Female Ixodes ricinus in on a leaf in search for a host (left, Picture: Holger Krisp,
Ulm), female tick attached to human skin (center, Picture: Gabor Pozsgai, www.photoga-
bor.com) and Rash (Erythema migrans) after tick bite (right, Picture: James Gathany, CDC).

only a limited ability to move horizontally (McCoy et al. 1999, Miller et al. 2007,
Petney et al. 2011), vertebrate species play not only an outstanding role for tick and
pathogen persistence in a specific area, but their movement also disperses ticks to
new areas with the potential for subsequent human disease emergence (Randolph

2004, Estrada-Pena et al. 2006, Gilbert 2010, Pfaffle et al. 2013).

Immature life history stages of ixodid ticks are predominantly associated with small
mammal hosts (Krasnov et al. 2002, Hanincova et al. 2003), whereas big game spe-
cies appear to be potential key hosts favored by adult female ticks as they can pro-
vide large blood meals that encourage egg production (Smith et al. 1990, Pichon et
al. 1999, Dobson et al. 2006, Ruiz-Fons et al. 2006, Gern 2008, Pound et al. 2010). In
North America white-tailed deer (Odocoileus virginianus) are known to be a suitable
and important big host species for Ixodes scapularis (Smith et al. 1990, Fish and
Childs 2009), whereas in Europe red deer (Cervus elaphus) and roe deer (Capreolus
capreolus) are usually heavily infested with I ricinus, Dermacentor marginatus and,
in southern Europe, Hyalomma marginatum ticks (Nelson et al. 2000, Fuller and Gill
2001). Red deer are thought to play an important role in tick distribution over long
distances as they show distinct migration behavior similar to white-tailed deer
(Nelson et al. 2004), but they tend to avoid urbanized areas (see Figure 1.2)
(Mysterud 1999, Vor et al. 2010).
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Figure 1.2: Syntrophic wild boar and roe deer. Adult female boar with its offspring on a Ber-
lin front door (left, Picture: Th. Wiehle/Berliner Forsten). Roe deer passing by an industrial
estate (right, Picture: Timo Jann/Bergedorfer Zeitung).

Contrary to this, adult roe deer form groups during winter and tend to be territorial
in spring and summer, which involves the dominant male chasing away subadult or
subdominant individuals, providing the chance for ticks to be distributed. This spe-
cies occurs increasingly in urban and suburban habitats (Mysterud 1999, Vor et al.
2010, Pfaffle et al. 2013). Furthermore, their area-wide distribution, synanthropic
mode of life and social behavior make roe deer potentially a key species of major
concern for tick research (Pichon et al. 1999, de la Fuente et al. 2004, Ruiz-Fons et
al. 2006, Kiffner et al. 2010a), as the emergence of diseases largely depends on the
contact between humans and pathogens (Hughes and Randolph 2001a, 2001b,
Wilson et al. 2002, Skuballa et al. 2010).

There are several studies that investigate tick burden on roe deer as well as the role
of deer on the transmission of tick-borne diseases (Randolph 2001, 2009, Carpi et
al. 2008, Kiffner et al. 2010a, 2011a, Vor et al. 2010, Vazquez et al. 2011, Alonso et
al. 2012). Roe deer are reservoir hosts for several tick-borne pathogens (e.g. Ana-
plasma spp.) (Petrovec et al. 2003) and to play an important role with respect to the
tick infection rate and the ecology of many pathogens (Kurtenbach etal. 1998b, Gern
2008). Although they are known to be dilution hosts for Borrelia spp. (Richter et al.
2004, Bhide et al. 2005) and other tick-borne pathogens (e.g. tick-borne encephalitis
virus), their frequently high infestations with ticks also potentially makes them a

platform for pathogen transmission via co-feeding (Jaenson and Télleklint 1992,
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Randolph et al. 1996, Ostfeld and Keesing 2000, Schmidt and Ostfeld 2001, Randolph
2004, Bhide et al. 2005, Kiffner et al. 2010a).

For cervids in general, a strong positive relationship between host population den-
sity and disease emergence was observed (Pichon et al. 1999, Randolph 2004,
Brownstein et al. 2005, Fish and Childs 2009). As cervids serve demonstrably as am-
plifier hosts for ticks (Randolph 2004, Fish and Childs 2009), it is necessary to in-
vestigate their direct and indirectrole in the ecological cycle of zoonoses and disease
emergence. Besides host density, the composition of the species is considered to
play an important role in disease emergence and risk of infection (Van Buskirk and
Ostfeld 1995, Ostfeld and Keesing 2000, Schmidt and Ostfeld 2001, Keesing et al.
2006).

Similar to roe deer, wild boar (Sus scrofa) belong to the most common and wide-
spread big game species of Europe. Both species share the same habitats and can
reach very high population densities locally (de la Fuente et al. 2004, Ruiz-Fons et
al. 2006, Rizzoli et al. 2009, Kiffner et al. 20104, Vor et al. 2010, Keuling et al. 2013).
Furthermore, roe deer and wild boar also profit from human influence on the envi-
ronment (e.g. the change in land use, nutritional habitats and human life style) (de
la Fuente et al. 2004, Ruiz-Fons et al. 2006, Keuling 2010a, Pfaffle et al. 2013). More-
over, wild boar show not only increasing population growth, a high spatial aggrega-
tion and overabundance (Gortazar et al. 2006, Keuling 2010b), but also enlarged
home ranges which overlap substantially with highly urbanized areas (see Figure

1.2) (Vor etal. 2010, Keuling 2013, Keuling et al. 2013, Léger et al. 2013).

Although a variety of pathogens, such as piroplasms (e.g. Babesia spp. and Theileria
spp.), Ehrlichia spp., Anaplasma spp. (i.e. A. phagocytophilum and A. marginale) and
Rickettsia spp. (i.e. Rickettsia slovaca, Rickettsia raoultii and Rickettsia sp. DnS28),
have been detected in ticks removed from wild boar (de la Fuente et al. 2004, Selmi

etal. 2009, Michalik et al. 2012, Zanet et al. 2014), only little is known about the role



Introduction - Overview

of these hosts in the epidemiological life cycle of tick-borne pathogens. Studies con-
ducted in Spain, the Czech Republic and Poland found that wild boar serve as hosts
for A. phagocytophilum (Petrovec et al. 2003, de la Fuente et al. 2004, Smetanova et
al. 2006, Pfaffle et al. 2013). Kurtenbach et al. (1998a) considered wild boar to be
possibly reservoir competent, at a low level, for Borrelia burgdorferi sensu stricto
(s.s.). A serological survey conducted in the Czech Republic detected antibodies to
Borrelia burgdorferi sensu lato (s.l.) in wild boar sera and pointed out the possible
importance of wild boar in Lyme borreliosis ecology (Juricova and Hubalek 2009).
Thus, wild boar are also of substantial interest in the transmission of zoonotic dis-

eases.

In summary, roe deer, and to a lesser extent wild boar, are known to be natural hosts
for ixodid ticks (de la Fuente et al. 2004, Ruiz-Fons et al. 2006, Kiffner et al. 2010a,
2010b), however, their role in tick-borne pathogen life cycle is not yet fully under-
stood. In Germany, the role of European wild boar for tick-borne pathogen dynamics
is less well investigated than for cervids. As far as known, investigations regarding
prevalences of ticks on wild boar and tick-borne pathogens have not been conducted

in Germany.

In terms of ticks sampled from roe deer and wild boar, my study is worldwide the
most comprehensive study ever conducted to enlighten the role of both hosts for
ticks and in the life cycle of tick-borne diseases. Insights from other studies gained
in the US are not transferable to the situation in Europe. In particular in Germany,
and particularly for wild boar, such studies are up to now completely missing, but
essential for the understanding of the epidemiological life cycles of tick-borne dis-
eases. It is the only study that investigated ticks and both host species in a common
habitat over a long term period with a continuous sample acquisition throughout
the years with the aim to acquire generally valid data and to reveal seasonal dynam-
ics. In contrast to other studies (Kiffner etal. 2010a, Vor et al. 2010, Overzier 2013),

I was the first to consider additional biotic parameters, such as host sex, age and



Introduction - Objectives

condition, tick engorgement and infestation with other parasites, as well as addi-

tional abiotic factors, in particular precipitation.

Simultaneously to my work, additional long-term studies of ticks and tick-borne dis-
eases were conducted within the scope of the Bienwald project situated on the left
bank of the Rhine (Moser 2012, Neumaier 2012, Schweikert 2012, Zoller 2014) and
within the scope of the BWPLUS project on the right bank of the Upper Rhine near
Karlsruhe (Petney et al. 2014, Sebastian et al. 2014, Pfiffle et al. 2015a, 2015b).
These studies included drag sampling (“flagging”) of ticks from the vegetation, tick
sampling from small mammals (e.g. the bank vole Myodes glareolus) and from sheep.
Both projects were established to gain long-term information about ticks, hosts and
pathogens from both banks of the River Rhine with the aim of comparison. The
BWPLUS project did not include the monitoring of ticks from big game species (i.e.
roe deer and wild boar). However, the main goal of the two projects is to gain a com-
plete set of information with respect ticks, host and pathogens in this area and to

understand the differences between the left and right bank of the Rhine.

1.2 Objectives

The main aim of my work was to study concurrently roe deer and wild boar in con-
junction with their parasitizing ticks over 3 years within a common sampling area.
In addition to their ticks, the organs of sympatric wild boar and roe deer were col-
lected and investigated for the B. burgdorferi s.l. and Rickettsia infections using PCR.
A comprehensive statistical analysis was carried out in multiple steps in order to
identify, rank and describe the key factors that influence tick prevalence, tick abun-
dance and preferred tick attachment sites on the host body, as well as the pathogen
prevalence in the collected ticks. In this context, models were constructed to gain
additional information on how the key factors affect tick burden and pathogen prev-
alence with respect to both host species. The physical condition of the host as well

as climatic parameters were also considered during this evaluation.
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In combination with the other studies of the Bienwald project and the BWPLUS pro-
ject, my work has the aim to gather, analyze and document the biotic and abiotic
factors that influence ticks and tick-borne diseases. The information on these factors
will allow us to analyze and thus understand changes in tick abundance and spatial
distribution, as well as the occurrence of tick-borne diseases in humans. Such data
are also crucial for the development of appropriate prevention and control strate-
gies. Thus, the goal of my work was to provide a detailed analysis of key factors for
the environment-tick-host-pathogen interactions in the Bienwald. Since studies on
roe deer and wild boar as hosts for ticks have not been conducted within the
BWPLUS project, my results, and in particular my generated models, can serve as a
reference for future studies on these two host species, allowing a comparison of

studies on the left and right bank of the River Rhine.

1.3  Outline

This thesis is structured as follows. Chapter 2 will give an overview on the current
state of research in relation to European big game, ticks and their transmitted path-
ogens as well as the corresponding tick-borne diseases. This chapter will in particu-
lar discuss the ecology of roe deer, wild boar and ticks of the family Ixodidae. In
Chapter 3 the material and methods will be explained, including a description of the
sampling approach, the microbiological methods and the statistical evaluation tech-
niques. Chapter 4 will present the results with respect to tick burden, including
prevalences, abundances and the preferred feeding sites of ticks on roe deer and
wild boar, followed by a discussion of the observations made. Chapter 5 takes a de-
tailed look on the pathogen distribution in ticks from roe deer and wild boar with
respect to Rickettsia spp. and Borrelia spp., whereby a discussion of these results
completes the chapter. Finally, in Chapter 6 conclusions will be drawn from the re-

sults and perspectives on future work will be given.






Related work

2.1 European big game

Game represents a generic term for all wild living animals, which are subject to hunt-
ing rights. Based on biology, game laws and the practical aspects of hunting, a com-
mon classification of wildlife differentiates between furred game and feathered
game, as well as between small and big game. The class of furred game comprises all
mammalian species that are subject to hunting rights, while feathered game includes
all hunted bird species. The category of hoofed game contains hunted cervids, bovids
and wild boar. All hoofed game belong to the class of big game animals, as for exam-
ple roe deer and wild boar. All other game species are assigned to the category of

small game.

2.1.1 European roe deer

European roe deer (Capreolus capreolus), also known as western roe deer, belongs
to the furred big game category and to the class of hoofed game, the so-called ungu-
lates. Taxonomically, European roe deer belong to the suborder of ruminants (Ru-
minantia) within the order of even-toed ungulates (Artidodactyla). Within the fam-
ily of Cervidae, roe deer fall within the subfamily of Capreolinae (Andersen et al.
1998). In addition to the European roe deer (Sempéré et al. 1996) , another roe deer
species can be found in Asia, Siberia, Mongolia and China, the Siberian roe deer, also
called eastern roe deer (Capreolus pygargus) (Ohtaishi and Gao 1990, Danilkin

1995). Capreolus capreolus has a smaller body size, a smaller cranium and smaller
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antlers than C. pygargus. Two other roe deer subspecies are known: (1) the Tian
Shan roe deer (Capreolus c. tienschanicus) inhabiting Chinese and Russian parts of
the Tian Shan Mountains in central, and (2) a species only found in Spain, Capreolus
c. garganta. However, for both species only very limited data is available and it is
still unclear how to define the exact boundaries between C. pygargus and Capreolus
c. tienschanicus in Asia and between C. capreolus and Capreolus c. garganta in Europe
(Stubbe 2008). Indeed, the taxonomic status of Capreolus c. garganta is even still
under discussion, as to whether it can be considered as a separate subspecies or just

as an ecotype of the European roe deer (Stubbe 2008).

2.1.1.1 Morphology

In Germany, C. capreolus is the smallest native deer species. Its body length can vary
between 95 and 135 cm and its shoulder height lies between 65 and 75 cm
(Macdonald and Barrett 2002). A pronounced sexual dimorphism in relation to its
body size cannot be determined. Adult animals have a live weight of up to 49 kg with
a relatively narrow, stocky body and high, slender legs (Andersen et al. 1998). The
hoofs are short and narrow with well-developed lateral hoofs (Andersen et al.
1998). Typical for roe deer is its cream white rump patch with a very short tail that
is barely visible (2 to 3 cm). They have a short and slender neck with a triangular-
shaped head. Roe deer have a yellowish-red to reddish-brown coat with shorter and
thinner hair during summer, and a grey brown (even black) coat in winter. The face
always has a greyish color (Apelt 2007, Maahs 2010). Only adult males carry antlers,
which are relatively erect and short in comparison to larger deer species (e.g. red
deer). The younger males usually have unbranched, short antlers (5 to 12 cm),
whereas older bucks can carry antlers up to 25 cm with two, three or rarely even
four prongs depending on their physical condition (Andersen et al. 1998). When the
antlers start to grow they are covered in a velvet-like layer of fur that disappears
over time. Roe deer are usually classified into three groups: (1) fawns (up to one
year), (2) yearling bucks and does (about one year) and (3) adult animals. Disem-
boweled, an adult animal has a body mass of about 14 to 21 kg, while a one-year-old

animal weights about 12 to 16 kg. Roe deer fawns are born from May to June with a

10
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Figure 2.1: Geographical distribution of the roe deer throughout Europe. The boundary be-
tween European roe deer (C. capreolus) and Siberian roe deer (C. pygargus) is marked by
the dotted line. The map is adapted from Heptner et al. (1966).

weight of 1 to 2 kg, but can reach a body mass of up to 13 kg. They are initially pale

to dark brown with white spots on the top of their torso.

2.1.1.2 Distribution

Roe deer inhabit large parts of Europe and some areas of eastern Asia. They are not
found in the northernmost regions of Scandinavia and have a scattered distribution
in the Mediterranean region, where they are confined to mountainous areas due to
climatic factors. Roe deer are wide spread in England and Scotland, whereas they do
not inhabit Ireland (Figures 2.1 and 2.2). On most other European islands, such as
Iceland and the Mediterranean islands, roe deer are also absent (Andersen et al.
1998, Stubbe 2008). Within Germany, C. capreolus is the most abundant deer species

and is found from the coastal regions to the highlands, from floodplains to mountain

forests, in agricultural steppe and parkland (Stubbe 2008).
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Figure 2.2: Geographical distribution of the Siberian roe deer throughout Asia. The map is
adapted from Heptner et al. (1966).

Roe deer are considered to be very adaptable and their distribution is still expanding
(Andersen et al. 1998). Through the widespread extinction of many predators, such
as wolf and lynx, the European roe deer has almost no natural enemies (Linnell et
al. 1995). However, the species has become more and more exposed to hazards of

machines used during hay and grass harvesting, as well as to road traffic and wild
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dogs (Deutscher Jagdverband 2014a). Nevertheless, there is a growing roe deer pop-
ulation in Germany, such that from 1993/1994 to 2012/2013 an increase in the
number of culled roe deer from 1.032.821 to 1.192.583 was registered (Deutscher
Jagdverband 2014b).

2.1.1.3 Habitat structure

Roe deer occupy a wide variety of habitats with optimal living conditions being
found in the transition zone between open land and woodland that is rich in under-
growth. They prefer landscapes which are marked by the alternation of light forests,
fields and meadows and thus can be considered as a forest edge dwellers (Hewison
et al. 2001). Only high mountainous regions over the tree line, as well as wide open
grasslands, are rarely inhabited by roe deer (Andersen et al. 1998). However, as a
synanthropic species, roe deer have adapted to open farmlands, human settlements,
as well as to park-like landscapes (Wolfel 2005, Stubbe 2008). As forest edges are
good browsing habitats for roe deer, spatial heterogeneity has been determined to
be a key factor that influences local population density (Said and Servanty 2005). In
heterogeneous landscapes, habitat usage is constrained by potential sources of dis-
turbance (i.e. human activities), such that roe deer tend to avoid buildings and roads
(Kuehn et al. 2007, Coulon et al. 2008). In this context, Bonnot et al. (2014) have
proposed the existence of a risk management syndrome which imposes constraints

on how roe deer exploits high-risk habitats.

An additional important factor for roe deer habitat quality is the availability of shel-
ter to escape from potential predators, including humans (Andersen et al. 1998,
Bonnot et al. 2014). Due to their relatively small size, small forest remnants or
hedges suffice as a shelter. Accordingly, roe deer also occupy the open agricultural
plains. Consequently, a distinction is made between two ecotypes: forest roe deer
and field roe deer (Jepsen and Topping 2004). While forest roe deer remain close to
forest habitats, field roe deer resides in poorly sheltered open agricultural land-
scapes. Here they have switched to a diet mainly of crops. Field roe deer return to

the forest and change their diet and behavior when the deer population density in

13



Related work - European big game

these areas decreases (Stubbe 2008). However, roe deer home ranges always in-
cluded a minimum amount of woodland independent of the ecotype (Cargnelutti et
al. 2002). Hewison et al. (2001) found that switch between forest and field behavior
may involve woodland connectivity. Nevertheless, the behavioral plasticity of roe
deer in response to landscape structure limits our ability to accurately predict the
effects of landscape and landscape change (Jepsen and Topping 2004, Bonnot et al.
2014).

Furthermore, the species is quite resistant to climactic extremes, such that it can
survive in the hot and dry regions of southern Europe (Aragén et al. 2006), as well
as in the cold boreal forests of Scandinavia (Andersen et al. 1998). However, high
and long-lasting snow is unfavorable for roe deer since they have difficulty moving
and reaching food. Additionally, other deer species seem to influence the behavior
of roe deer. In areas with high abundances of red deer and fallow deer, smaller roe

deer population density has been observed (Stubbe 2008).

2.1.1.4 Feeding habits

With regard to their nutritional behavior, roe deer belong to the class of concentrate
selectors and shows a remarkable range of digestive adaptations (Andersen et al.
1998). In comparison to the two other feeding types, the grass/roughage eaters (GR)
and the intermediate (IM) types, the gastrointestinal tract of roe deer has a lower
capacity, less subdivisions and larger openings (Van Soest 1994, Wélfel 2005). This
leads to faster passage rates, such that a fiber-rich diet can only be poorly utilized.
The low capacity requires roe deer to have several periods of feeding, which are dis-
tributed relatively evenly over 24 hours. Because of this, roe deer need nutritiously
and easily digestible food (Stubbe 2008, Petrak 2013). Consequently, and in contrast
to red deer which are IM feeders, roe deer is picky and its diet includes buds, herbs,
flowers, young leaves and grasses. During fall roe deer also increasingly consumes
berries, fruit, mushrooms, chestnuts, acorns, beechnuts as well as raspberries, rasp-

berry leaves and lichens (Andersen et al. 1998, Stubbe 2008, Deutz et al. 2009).
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In addition to a daily rhythm of food intake, roe deer have a yearly rhythm with re-
gard to their energy demand. From October to December they have an increased
need for food, which again reduces from mid-December to mid-February. Parallel to
this development, a regression of the villi in the rumen can be registered (Deutz et
al. 2009), and it also appears that roe deer are able to lower their basal metabolic
rate during winter (Mauget et al. 1997, Andersen et al. 1998, Morellet et al. 2013).
In the following months, until around June, the need for food is again increased,
causing roe deer, particularly the bucks, to form body reserves of fat. The seasonal
fluctuations in body mass are mainly caused through the change from summer to
winter fur, differing food supply throughout the year, weather conditions and ex-
traordinary burdens, such as the rut, pregnancy and lactation. Bucks reach their
maximal body mass in June or July before the rutting season, while leading does
show a reduction of their body mass during these months due to milk production

(Deutz et al. 2009).

2.1.1.5 Home range and social behavior

Roe deer are considered to be extremely faithful to their immediate environment
(Linnell and Andersen 1995). However, this assumption cannot be seen as strictly
established, since the environment of roe deer includes a large variety of ecological
parameters, such as population density, sex ratio, browsing range and shelter, dis-
turbances (e.g. by humans) and climatic influences, the form of forestry and agricul-
ture, as well as the presence or absence of predators (David 2012), the visibility and
the food supply in the home range (Tufto et al. 1996). In principle, roe deer occupy
differing summer and winter grazing areas within their annual cycle. These areas
include day and night ranges, resting and feeding places, as well as breeding zones
for does and territorial blocks of adult bucks (Stubbe 2008). Thereby, roe deer gen-
erally live as loners, but they gather together in fluid social communities during the
winter months until spring (Andersen et al. 1998, Stubbe 2008). The size of the
groups can vary considerably with population density and habitat structure, such
that winter groups can contain more than 50 individuals in open agricultural plains

and between 5 and 10 in woodlands (Andersen et al. 1995, 1998). During summer,
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females live isolated from other individuals in order to raise their fawns, while adult

males defend their mating territory (Andersen et al. 1998).

Recent findings show that territorial behavior seems to be dependent on multiple
factors (David 2012). The size of the territory of a roe deer buck in wooded areas or
structured field-forest districts is rarely more than 25 ha, in general they are much
smaller (David 2012). However, the bucks do not show territorial behavior over the
course of the entire year, but seem to abandon their territoriality after the rut due
to hormonal changes (Stubbe 2008, David 2012). The synanthropic roe deer is very
adaptable in its ranging behavior, such that the home range can become totally var-
iable depending on the situation within the roe deer population (David 2012). Thus,
older bucks often live non-territorially, but nonetheless remain in their original ac-
tion space and even continue to participate in the rut. Despite this change in behav-
ior, they are tolerated and not attacked by other roe deer bucks in the region. It is
assumed that bucks know each other and that the younger ones respect the elders
(David 2012). Moreover, field roe deer that permanently live in the open country,
can give up their territorial behavior partially or entirely (David 2012). Food avail-
ability, local weather and components of seasonality (e.g. day length) are key factors

that influence roe deer forage and ranging behavior (Morellet et al. 2013).

The behavior of female roe deer is quite different from that of the males (Tufto et al.
1996). Although they are faithful to their habitat, they seem to principally show no
territorial behavior. David (2012) ascribes this behavior to the energy costs that ter-
ritoriality requires, and that during breeding season female roe deer must pay at-
tention to their energy budget being unable to waste unnecessary power. Moreover,
there exist observations in which females reside almost immediately next to each
other. At the same time, the females only roughly know the resting place of their
offspring, since the fawns choose it for themselves and change their location inde-
pendently from their mother by up to 100 m (Stubbe 2008). In forest areas with a
high population density roe deer often live within very small areas and are orga-

nized in relational clans. Thereby, orphan fawns within such groups can be adopted
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relatively easily by older sisters and aunts. All these behaviors indicate a non-terri-
toriality of female roe deer (David 2012). Conversely, the setting and home ranges
of female roe deer seem to overlap without the occurrence of serious conflicts

(David 2012).

The reproductive cycle of roe deer has a unique status among ungulates. Females
have only a single ovulation each year and the implantation of the embryo is delayed
by five months (Andersen et al. 1998). The timing of this cycle is so precise that 98%
of the females are fertilized during the rut, whereby 80% of the matings occur within
two weeks. As a consequence, fawns are born aggregated closely in time during

spring (Andersen et al. 1998, Wolfel 2005).

2.1.1.6 Parasites

Besides ticks (see Section 2.2), other ectoparasites have been recorded on roe deer
(Duscher, 2006; Stubbe, 2008). For example, several findings of deer ked (Lipoptena
cervi) have been reported (Valimaki et al. 2010, Handeland et al. 2013) and it has
been proposed that deer support the reproduction of this parasite (Duscher 2006,
Valimaki et al. 2010). In a Spanish study (Vazquez et al. 2011), roe deer were also
infested by Hippoboscidae (Hippobosca, 3.3% and Lipoptena, 0.3%) and by Mal-
lophaga (Trichodectes meyer, 3.1%). In the eastern Mediterranean findings of three
hippoboscid flies (Lipoptena capreoli, Hippobosca equina, and Hippobosca longipen-
nis) and one unidentified trombiculid mite species have been documented for roe
deer reintroduced to Israel, while no exotic ectoparasites were collected (Wallach

et al. 2008).

Furthermore, infestations by nasal and pharyngeal bot flies of the family Oestridae
(e.g. Cephenemyia stimulator, Cephenemyia ulrichii and Pharyngomyia picta) have
been described in several studies (Sugar 1974, Rivosecchi et al. 1978, Ruiz et al.
1993, Nilssen et al. 2008, Salaba et al. 2013). C. stimulator is the most common bot

fly in roe deer with prevalence ranging from 11% up to 90% (Kusak etal. 2012). Roe
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deer heavily infested with bot fly suffer severely having difficulty breathing, cough-
ing and frequently sneezing. The infestation can be lethal, mostly in combination
with other parasites (e.g. lungworms) (Duscher 2006, Stubbe 2008). In addition,
warble flies (Hypoderma) occur regionally on roe deer. Severe infestations (100 to
200 larvae) with Hypoderma diana cause intense itching and scratching leading to
skin abrasions, delayed hair change, dullness and weight loss (Yeruham et al. 1994,
Duscher 2006). Deaths from H. diana alone are rare (Minar 1982), but in combina-
tion with stress and a poor physical condition high mortality rates (41%) have been
observed in roe deer imported to Israel (Yeruham et al. 1994). Symptoms similar to
those of H. diana are caused by the blood-feeding roe deer louse (Solenopotes capre-
oli) leading to a general state of restlessness in its hosts (Stubbe 2008). Moreover,
several cases of sarcoptic mange caused by Sarcoptes scabiei mites have been re-
ported for European roe deer (Duscher 2006, Menzano et al. 2008, Oleaga et al.
2008a, 2008b). This type of mite infestation causes skin inflammation, pruritus, and
cutaneous hypersensitivity leading to physiological alterations in skin and organs,

dehydration and occasionally to death (Oleaga et al. 2008b).

As endoparasites in roe deer, protozoa (unicellular) and metazoan (multicellular)
have been reported. Protozoa, such as coccidia (e.g. Eimeria capreoli, E. panda, E.
ponderosa, E. rotunda and E. superba) and sarcosporidia (e.g. Sarcocystis gracilis and
Sarcocystis capreolicanis) infesting the intestinal tract, toxoplasmosis in the muscles
as well as blood parasites (e.g. Babesia capreoli) and trichomonads, have been found
in many studies in Germany (Rehbein et al. 2000). Trichomonad infections in female
roe deer can cause fertility disorders (Rehbein et al. 2000). The group of endopara-
sitic metazoans includes helminths, pentastomids (i.e. tongue worms) and arthro-
pods. For arthropods only the larval stages of H. diana and C. stimulator live endo-
parasitic in roe deer (Rehbein et al. 2000). Larvae of the pentastomid Linguatula
serrata has been found in a liver of a roe deer in Bavaria (Rehbein et al. 2000). The
helminth fauna of roe deer comprises liver flukes (e.g. Fasciola hepatica, Fascioloides

magna, Dicrocoelium dendriticum), flat worms (e.g. Paramphistomum cervi), tape-
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worms (e.g. Moniezia expansa, Taenia cervi) and lungworms (e.g. Dictyocaulus cap-
reoli and Varestrongylus capreoli). In this context, Duscher (2006) and Stubbe
(2008) provide a description of the symptoms and the consequences of an infesta-

tion for roe deer hosts.

The infestation rates of a study in Poland (Burlinski et al. 2011) showed gastroin-
testinal nematodes to be most frequent in roe deer (34.7%) followed by coccidia
(13.1%). The most frequently observed roundworm in roe deer was Chabertia sp.
(13.8%), while high counts of Ostertagia sp. eggs (11.6%) and Trichostrongylus sp.
eggs (10.69%) were also reported in fecal samples. In other Polish studies (Drozdz
etal. 1987, 1992, Drozdz and Dudzinski 1993) the rate of infestation with gastroin-
testinal nematodes were even higher (50 to 100%). In western Pomerania, the prev-
alence of gastrointestinal nematodes in roe deer was 84% (Cisek et al. 2004), while
the overall observed parasite infection rate was 95.5% (Cisek et al. 2003). Czech
studies described endoparasite infestation rates of 88% (Dyk and Chroust 1974)
and 100% (VetySka 1980). In the both studies the most frequent endoparasite spe-
cies in roe deer was Ostertagia leptospicularis (88% and 83.9%, respectively). For
four different Czech regions high infection rates in roe deer were also reported for
Capreocaulus capreoli (78.4%), Chabertia ovina (77%), Eimeria ponderosa (60%),
Eimeria superba (50%), Haemonchus contortus (100%), Muflonagia podjapolskyi
(62.7%), Ostertagia lasensis (74%), Ostertagia ostertagi (57.4%), Spiculopteragia
béhmi (55%), Spiculopteragia spiculoptera (57.4%) and Trichocephalus ovis (61.7%)
(VetySka 1980). Belarusian researchers (Shimalov and Shimalov 2003) also re-
ported very high infestation rates (75%) of helminth species in roe deer, whereby
C. ovina being the most frequent (50%) followed by Trichuris ovis (37.5%) and Oe-
sophagostomum venulosum (31.3%). In Croatia, Kusak et al. (2012) also found that
C. ovina (36%) was the most common parasite in roe deer followed by Ostertagia sp.
(24%), Trichostrongylus sp. (20%) and Haemonchus contortus (16%). In Sweden,
Aguirre et al. (1999) reported V. capreoli (30%), Trichostrongylus axei (25%) and

Dictyocaulus noerneri (24%) as the most frequent endoparasites in roe deer. A study
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from North Rhine-Westphalia (Rehbein et al. 2000) showed that 100% of the sam-
pled roe deer were infested with gastrointestinal nematodes and 32.8% with lung
worms (D. eckerti: 14.1% and V. capreoli: 29.7%), while liver flukes and flat worms
were not found. The most frequently found nematode species were Ostertagia lep-
tospicularis (95.3%), Spiculopteragia bohmi (87.5%), Skrjabinagia kolchida (85.9%),
Trichuris globulosa (67.2%), Trichostrongylus capricola (60.9%) and Oesophagosto-
mum venulosum (50%). Zaffaroni et al. (2000) determined the degree of specializa-
tion of endoparasites and found that particularly H. contortus and T. axei are most
adaptable to different hosts and thus appear to be most important due to their po-

tential pathogenic effects.

In addition, Aguirre et al. (1999) showed for roe deer collected from Sweden that
parasitism was one of the most common (11%) causes of mortality. Rehbein et al.
(2000) found out that stronger roe deer were significantly less intensely infested
than weaker host individuals. Helminth abundance in roe deer was negatively cor-
related with physical host parameters, such as body length (Zaffaroni et al. 1997)
and body mass (Segonds-Pichon et al. 1998, Body et al. 2011), and nutritional com-
ponents, such as fat reserves (Rossi et al. 1997, Zaffaroni et al. 1997). In a Spanish
study, the number of gastrointestinal worms was negatively correlated with faecal
nitrogen and spleen mass, while landscape structure did not influence worm infes-
tation intensity directly, but possibly indirectly, since open areas could provide a
diet richer in nitrogen (Navarro-Gonzalez et al. 2010). Consequently, Navarro-
Gonzalez et al. (2010) proposed that the risk of gastrointestinal nematode parasit-
ism for roe deer might depend on access to high-quality food, enhancing immuno-

competence.

Furthermore, for gastrointestinal nematodes in roe deer the infestation prevalence
depends on the host density (Gortazar et al. 2006, Body et al. 2011) and human dis-
turbance and restriction in roe deer home ranges has led to increased infestation
intensity (Lutz and Kierdorf 1997). In an experimental roe deer population,

Maublanc et al. (2009) have shown that very high host population densities can lead
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to a rapid transfer of parasites between host animals causing significantly increased
parasite loads and a high degree of stress that contributes to immunodepression. All
of these factors can provoke demographic crashes, even before food becomes a lim-
iting factor (Maublanc et al. 2009). In addition, Body et al. (2011) found strong age
and sex-dependent patterns of parasitism, such that roe deer yearlings were less
often infested and had lower fecal egg counts than fawns and adult individuals. Male
roe were also more heavily infested than females. They also reported that T. capri-
cola in roe deer was not affected by weather, whereas gastrointestinal strongylides

were less frequent after dry summers (Body et al. 2011).

2.1.2 Central European wild boar

All wild boar (Sus scrofa) are members of the class of mammals (Mammalia) in the
order of even-toed ungulates (Artiodactyla) and belong to the suborder of non-ru-
minants (Nonruminantia, also known as Suiformes). In addition to the infraorder of
pig-like animals (Suina) there exists the family of Hippopotamidae to which hippos
belong. Pig-like animals can be subdivided basically into two families: pigs native to
the Old World (Suidae) and New World pigs (Tayassuidae). While New World pigs
are divided into two genera (Catagonus and Tayassus), six genera are attributed to
the family of Old World pigs: pig-deer (Babyrousa), giant forest hog (Hylochoerus),
warthog (Phacochoerus), pygmy hog (Porcula), river pig (Potamochoerus) and pig
(Sus). The pygmy hog, formerly named Sus salvanius, was recently placed into the
monotypic genus Porcula (Funk et al. 2007). The genus Sus comprises 9 species, in-
cluding for example the bearded pig (Sus barbatus), the Celebes warty pig (Sus cele-
bensis), the Javan warty pig (Sus verrucosus) and wild boar (Sus scrofa). This species
is further split up into more than 15 subspecies (exact number still controversial)
including the domestic pig (Sus s. domesticus) and the Central European wild boar
(Sus s. scrofa), which is the only wild representative of non-ruminant even-toed un-
gulates in Europe (Briedermann 2009, Kusza et al. 2014). Wild boar belongs to the
class of hoofed game (Weindl 2014). Throughout this thesis the term “wild boar”
and the species name Sus scrofa will be used to refer to the Central European wild

boar (Sus s. scrofa).
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2.1.2.1 Morphology

The Central European wild boar has a compact, massive and stocky body structure
with short legs and marked withers. The animals have a strong, relatively long and
wedge-shaped skull that almost seamlessly passes over into the barrel-shaped
trunk. Adult males, also called tuskers, have a height at the withers of 80 to 100 cm
and their disemboweled body mass lies between 100 and 200 kg. The snout-vent
length of tuskers has a mean value between 150 and 160 cm, but can reach up to
180 cm. Adult females have a lower withers, a weigh disemboweled between 80 and
100 kg and their average snout-vent length is about 140 cm with a range up to
160 cm. The body mass of European wild boar varies greatly and depends heavily
on the food supply, while its average value increases from east to west
(Briedermann 2009). The subspecies has long bristles with a thick undercoat,
whereby its overall appearance can vary from a brownish grey to grayish black color
with a lighter underbelly. The bristles form a ridge along the back of the animals
beginning between their relatively small ears. Their tail is unobtrusive, goes down
as low as the ankles and ends in a bush of hair. Adult wild boar have striking and
powerful canine teeth that are much more prominent in males and are used as a tool
for breaking up the soil and as a weapon. The approximate age of an adult individual
can be determined on the basis of its canines. From a hunter’s point of view, wild
boar are referred to differently depending on their age (Briedermann 2009):
squeaker (0 to 12 months), juvenile (12 to 24 months), adult boar (2 to 5 years), old
boar (6 year and above). The age-dependent differentiation of young wild boar can
be very difficult, because size and nutritional status can vary substantially. However,
for young wild boar (< 2 years) a classification can be made on the basis of the dental

age (Stubbe 2001, Briedermann 2009).

2.1.2.2 Distribution

Wild boar are widespread over most of Europe and Asia, as well as the northern
parts of Africa (Meynhardt 1989, Hennig 2007). It occurs in Great Britain, while in
Sweden a new stock has emerged in recent years originating from wild boars that

had escaped from game enclosures (Hennig 2007, Rosvold and Andersen 2008).
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Figure 2.3: Worldwide geographical distribution of wild boar (Sus scrofa). Its native range
is demarked in black, its introduced range in gray, islands where S. scrofa have been intro-
duced are marked by gray circles and areas with an unknown distribution are demarked by
a question mark. Map from Barrios-Garcia and Ballari (2012).

Wild boar is also found in South and Central America, Cuba, the Galapagos Islands,
as well as in Australia and New Zealand, as well as in some regions of the United
States, e.g. parts of California, Florida, South Carolina and Georgia, Hawaii and
Puerto Rico (Hennig 2007). The species distribution also reaches the Far East, in-

cluding Japan and Taiwan (see Figure 2.3) (Schley and Roper 2003).

Central European wild boar (Sus s. scrofa) inhabit West and Central Europe includ-
ing France. In the south, its distribution is bounded by the Pyrenees and the Alps,
while in Russia it can be found across to about the 25t meridian east. On the British
Isles and in Scandinavia it was extinct, but a partial reintroduction has taken place
(Hennig 2007, Briedermann 2009, Barrios-Garcia and Ballari 2012). The distribu-
tion of European wild boar in Germany extends over all federal states. In Mecklen-
burg-Western Pomerania, Brandenburg and Saxony-Anhalt, but also in certain areas
of other federal states, such as the Eifel or the Hunsrueck, boars are particularly nu-
merous (Gethoffer 2005, Anczikowski 2009, Keuling 2010a). Germany and other
Central European countries show a massive increases in the total number of culled

wild boars, illustrating the extreme population growth over the past several decades
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(Schley et al. 1998, Schley and Roper 2003, Arnold 2008, Barrios-Garcia and Ballari
2012). Since the 1980s there has been an exponential growth in the wild boar har-
vest (Arnold 2008) with an increase from 339,232 culled wild boar during 1993 /94
to 644,239 during 2012/13 (Deutscher Jagdverband 2014c). Von Riiden (2006) has
shown that since the 1980s a six-fold increase has taken place in Germany, in par-

ticular in the federal state of Rhineland-Palatinate.

2.1.2.3 Habitat structure

The occurrence of wild boar depends on a multitude of factors, such as climate, food
supply, and safety (Briedermann 2009). Wild boar are highly adaptable to different
habitats and there are few conditions that are completely unsuitable for them
(Keuling 2010a, 2013). However, mixed hardwood forests can be considered as
their preferred habitat, since the fruit of the oak and the beech (i.e. the mast) is their
main food (Meynhardt 1989, Hennig 2007, Briedermann 2009). Another factor,
which is essential for the survival of wild boar, is the presence of swampy areas and
pools, which mainly serve the body care. The sensory organs of wild boar are
adapted to undergrowth and scrub land. This allows them to be active at night and
to colonize habitats other than forests. For example, reeds have been a natural hab-
itat of wild boar for a long time (Keuling 2013). Today, wild boar have spread in-
creasingly across agricultural landscapes because many fields provide shelter
throughout the year. As obligate omnivores, wild boar use grassland close to shel-

ters in their search for food (especially earthworms and insect larvae) (Keuling

2013).

The distribution of wild boar stretches from areas with cold winters to warmer ar-
eas, whereby investigations in Norway (Rosvold and Andersen 2008) suggest that
the establishment of Sus scrofa is mainly limited by food availability and not by cli-
mate, although the climate might by a limiting factor through its effect on the food
supply. Briedermann (2009) also points out that the habitat choice of wild boar is
strongly influenced by food supply. Moreover, shelter, water and rest areas are im-

portant habitat criteria. In Switzerland wild boar occur on high mountain pastures
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with an altitude above 2000 m (Anczikowski 2009). In summary, wild boar can be
found in forest, swamp and well-structured field landscapes, as well as areas with
water and reeds, whereby their preferred habitats are deciduous and mixed forests
with high proportions of oak and beech, meadows and marshy areas (Briedermann
2009).

2.1.2.4 Feeding habits

Wild boar are omnivorous consuming both plant and animal food, which is reflected
in their teeth pattern and by their digestive organs (Briedermann 2009). The major
part of their recorded food is plant material (93%), while only approximately 6% of
their diet consists of animal material (Anczikowski 2009). The nutritional compo-
nents of wild boar can basically be summarized into four groups (Meynhardt 1989).
The first group comprises underground, plant-based food, such as roots, tubers and
onions. To get this food, wild boar plough through the ground using their stable
wedge-like head, their large canine teeth and their strong neck muscles (Hennig
2007). Social groups of wild boar, referred to as “sounders” (see Section 2.1.2.6), are
able to plow up to several acres of forest or agricultural land within a very short
time, causing great damage, particularly to cultivated areas. Green parts of plants
such as different clover, grass and herbaceous species belong to the second nutri-
tional group, which forms a large part of the overall food intake and is required to
fulfill their essential needs of vitamin A (Hennig 2007, Briedermann 2009). Fruits
and berries belong to the third group. This group includes two main components,
acorns and beechnuts, which have a high nutritional value. Many field crops, includ-
ing corn, peas, beans and potatoes, are also very popular, causing considerable
losses to farmers. In addition, windfall and wild fruit belong to the third nutritional
group. Corn has a special significance, since it is used as bait for hide hunting as well
as to distract boars away from cultivated fields. Animal food forms the fourth group,
which serves a source of the high vitamin B12 demands of wild boar. Insects (par-
ticularly pupae and larvae), earthworms, reptiles, small rodents, young game ani-

mals, but also clutches of ground breeding birds and carrion are preferred animal
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food components. Due to the diversity of the ingested food, wild boar are very flexi-
ble having the ability to almost completely change their diet to adapt to the food
supply available, thus optimizing their energy resources. The extraordinary adapta-
bility of wild boar is one of the main reasons for its wide geographical distribution

(Briedermann 2009).

2.1.2.5 Home range

Wild boar have limited territorial behavior. Sounders as well as individual tuskers
have amore or less defined home range (Hennig 2007), such that their general space
usage has been described as recurring and faithful to a habitat (Keuling 2013). Im-
portant places within those ranges are several sleeping places, fixed wallows, as well
as permanent or temporary fixed feeding places that are connected by regularly fol-
lowed paths (Keuling et al. 2009, Keuling 2010a). Furthermore, dunging areas are
important within the home range (Meynhardt 1989), as the marking of territories is
olfactory as well as visual in the form of marked trees. Adult males put markings on
trees using their canines and their saliva foam has an additional marking effect dur-
ing the mating season (Briedermann 2009). However, the precise home range bor-
ders are not particularly marked (Briedermann 2009). The places used within the
territories must meet certain requirements. For example, the sleeping-place has to
be safe and be adapted to the respective climatic influences, whereby the duration
of its use also depends on the food supply and the size of the home range
(Briedermann 2009). The excretory areas are located close to resting and sleeping
areas, and if possible also close to a wet area which must contain enough mud and
clay for exhaustive wallowing. This behavior serves for body care, assists with ther-
moregulation on warm days and provides protection from insects and parasites

(Barrios-Garcia and Ballari 2012).

According to the descriptions of Meynhardt (1989), Stubbe et al. (1989) and
Briedermann (2009) significant correlations between the size of the home ranges
and factors such as habitat quality and structure, food supply and shelter or resting

areas exist. Consequently, the action space of wild boar is highly variable and can
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differ from region to region. Other aspects influencing the home range of sounders
are the prevailing population structure in terms of its age composition and the ex-
perience of the leading adult female, who plays an essential role in territorial behav-
ior (Sodeikat and Pohlmeyer 2003). Investigations using marked wild boar have
shown that sounders under favorable conditions inhabit a home range of 500 to
1000 ha (Stubbe et al. 1989, Keuling and Stier 2009a). More recent telemetry studies
came to a similar conclusion, but partially showed home ranges even larger than
1000 ha (Sodeikat and Pohlmeyer 2003, Keuling et al. 2008a, 2009, Keuling and Stier
2009a). In areas dominated by woodland, the home range is usually larger, with an
approximate average of 800 ha, than in agricultural landscapes where an average
size of about 500 ha can be assumed (Keuling and Stier 2009a, 2009b, Keuling et al.
2009, Keuling 2010a, 2013). Fears have been expressed that sounders are driven
apart during hunts and that this could possibly lead to large wild boar migrations
supporting the spread of wildlife diseases (von Riiden 2006). However, investiga-
tions showed that sounders under the influence of hunts do not exceeded the limits
of their home ranges and that shortly after the hunts they can be found around the
center of their main home range (Sodeikat and Pohlmeyer 2003). However, an im-
portant prerequisite for small escape distances and permanent home ranges of
hunted sounders is that the social structure with a leading female wild boar remains

intact during the hunt (Sodeikat and Pohlmeyer 2003).

Within their home range, sounders show territorial behavior which is lost once the
leading adult female is killed. In this case, the lead of the sounder can be taken over
by sub-adult or adult individuals, which possess less experience causing an in-
creased and partially uncontrolled group activity that sometimes leads to the loss of
the territory (Sodeikat and Pohlmeyer 2003). Moreover, a significant difference in
the home range sizes of male and female wild boar has been described by several
studies (Genov and Ferrari 1998, Keuling and Stier 2009a). Females are more faith-
ful to their habitat than males, which could be explained through the reclusive life-
style of tuskers (Anczikowski 2009). When the population density increases exces-

sively juvenile male boars often travel vast distances until they find an appropriate
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home range, because they are expelled by older males during the mating season
(Briedermann 2009). Older adult wild boar often use the same sleeping-place over
several months, which speaks for a relatively small home range (Hennig 2007).
However, there have been observations that individual animals sometimes travel
very long distances that can reach up to 250 km (Meynhardt 1989). The territories
of sounders can overlap at certain places, such as at fields or mast-providing forests,
as well as at wallows or game passes. In general, these common places will be shared
peacefully, although literature considers a minimum distance between sounders

that lies below 50 m as a cause for potential conflicts (Briedermann 2009).

2.1.2.6 Social behavior

Normally, wild boar are predominantly diurnal animals, but increasing disturb-
ances, for example, human sport and recreational activities, as well as the increasing
pressure through hunting, have forced them to become active at twilight and during
the night (Weindl 2014). Thereby, wild boar are very social living animals. Only
older males live alone most of the time, while all other individuals live in a family
association, which consists of adult females and their offspring. Only closely related
individuals form a sounder, while strangers are not, or only on rare occasions, ac-
cepted (Meynhardt 1989, Hennig 2007, Briedermann 2009). Both olfactory and
acoustic signals are used for communication among the members of the sounder
(Hennig 2007). There is also a strict hierarchy, which is usually maternally headed
by a single adult female (Briedermann 2009). This order synchronizes all daily ac-
tivities within the sounder, such as, for example, the search for food and resting
places, as well as the time of ovulation of female members (Happ 2012). Only new-
borns are initially excluded from the hierarchy, with an integration beginning when
they are about 3 to 4 months old (Meynhardt 1989). At an age from seven to thirteen
months the juvenile pigs must compete in hierarchic encounters to fix their ranking.
After this process, male juveniles basically hold the lowest ranks and are cast out of
the family at the age of about 18 months (Meynhardt 1989). Often, they form their

own sounders for a short time, until they finally split and live as solitary animals
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(Weindl 2014). However, they return to the sounder for a limited time for the pur-
pose of mating. The loner life of male wild boar protects the genetic diversity and

inhibits inbreeding within the sounder (Anczikowski 2009).

The size of a sounder depends on season, food supply, population density and
growth (Briedermann 2009). Consequently, there are small sounders from 2 to 4
wild boar, moderate ones with up to 15 individuals and large sounders with a max-
imum size of 30 to 40 animals. However, sounders split up once they reach a size of
more than about 30 animals (Meynhardt 1989). Additionally, changes in the social
association or in the hierarchy can lead to a division of the sounder. Such changes
occur, for example, at the death of the leading female through hunting or disease.
Under good environmental conditions and through good development, young boar
can become sexually mature at an age of six months. Thus, they can already partici-
pate in their first year of life in reproduction and have their own offspring at an age
of 13 to 14 months (Gethoffer 2005). This phenomenon can increase the number of
wild boar dramatically leading to so-called rejuvenation of the population
(Anczikowski 2009). Moreover, the leading female wild boar is unable suppress the
heat of subordinate females or to synchronize the heat of the whole wild boar pop-
ulation. Therefore, the birth of squeakers at unusual times is caused by early-matur-

ing juvenile females that come into heat at unusual times (Keuling 2013).

The mating season of wild boar occurs primarily in the months of November, De-
cember and January (Meynhardt 1989). Although (Briedermann 2009) observed
longer mating periods, from October to May, the fertilization rate was highest during
the winter months. The gestation period varies between 112 and 120 days and is
equivalent to that of the domestic pig (S. scrofa domesticus) (Stubbe and Stubbe
1977, Heck and Raschke 1980, Meynhardt 1989). Similar to the variation in the mat-
ing season, the cubbing season shows a wide timeframe from November to August,
with a core timespan between March and April (Briedermann 2009). Investigations
have revealed that on average 80 to 100% of the juvenile and adult females take part

in reproduction, while only 35% of the females younger 1 than year participate
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(Stubbe and Stubbe 1977, Briedermann 2009). However, recent studies indicate the
important role of younger females (< 1 year) for population growth (Bieber and Ruf
2002, Gethoffer 2005). The number of squeakers born per female varies between 1
and 10, whereby the litters of young females are always smaller than those of older
ones (Meynhardt 1989). The ecological lifespan of wild boar lies between 8 and 10
years. Nevertheless, the average life expectancy is 18 to 25 months, which is due to
the very high mortality during the first 2 years of life (Briedermann 2009). Because
of their high adaptability and intelligence, the lack of predators and abundant food
supply, wild boar have the highest rate of reproduction of our domestic game ani-
mals, with a prenatal growth rate of 260% minus a postnatal mortality rate of 15%
leading to an average population increase of about 220% each year (Keuling 2013).
The impact that these large numbers have on the animal community structure and
on ecosystem function have been recently reviewed by Barrios-Garcia and Ballari

(2012).

2.1.2.7 Parasites

In addition to tick infestations (see Section 2.2.3), a large variety of other ectopara-
sites have been reported on wild boar (Briedermann 2009). Haematopinus apri lice,
which occur specifically on wild hogs, do not infest domestic pigs. They are distrib-
uted worldwide. However, the average prevalence varies regionally from 90% in
Asia to under 10% in Central Europe (Kadulski 1974, Briedermann 2009, Fois et al.
2012). It is assumed that the lice predominantly infest sick boar, as well as young
individuals that have a thinner skin in comparison to older individuals (Briitt 1955,
Briedermann 2009). The clinical symptoms caused by H. apri are restlessness and
skin injuries. The louse Haematopinus suis was found on wild boar in Corsica with
the highest prevalence in spring (50%) followed by summer (18%) and autumn
(14%).

A further ectoparasite found on wild boar, and on pigs in general, is the strongly

host-specific mite Sarcoptes suis (Briedermann 2009) which causes sarcoptic

30



Related work - European big game

mange. This species also has a worldwide distribution and has been reported to oc-
cur in several other wild animal species (e.g. red deer, roe deer) in Central Europe
(Pence and Ueckermann 2002). Reports of sarcoptic mange in wild boar mainly
come from game enclosures (Duscher 2006, Briedermann 2009). Usually sarcoptic
mange starts with a strong skin irritation and itching, then produces lesions with
exudates that dry to crusts. It can lead to emaciation in serious cases (Briedermann

2009).

Endoparasitic infestations of wild boar are common and include protozoa (e.g. Tox-
oplasma gondii, Sarcocystis suicanis, S. suihominis, Eimeria debliecki, E. sabra and E.
polita), trematodes (e.g. Fasciola hepatica, Dicrocoelium dentriticum, Agamodisto-
mum suis), tapeworms (e.g. larval Taenia hydatigena, Taenia solium L.) and nema-
todes (e.g. Ascaris suum, Ascarops strongylina, Physocephalus sexalatus, Globocepha-
lus spp., Metastrongylus spp., Trichuris suis, Trichinella spp.). Duscher (2006) and
Briedermann (2009) have described the life cycles and clinical symptoms caused by
these endoparasites. The first finding of the tapeworm Echinococcus granulosus in
wild boar was made only quite recently in Romania with 45.5% of the worms iden-
tified as G1 and 39.4% as G7 genotypes (Onac et al. 2013). In a single boar from
Switzerland the larvae of Echinococcus multilocularis was identified (Stephan et al.
2001). The infestation of wild boar with Trichinella spp. is monitored across Ger-
many, since these parasites can cause a dangerous trichinellosis in humans who con-
sume raw meat (Nockler et al. 2006). Between 1991 and 2004 more than 3.7 million
wild boar were analyzed for Trichinella spp.in Germany showing a mean infestation
rate of 0.005% (Remde 2008). Although this prevalence seems to be relatively low,
Nockler et al. (2006) detected more than 900 Trichinella larvae per gram in the dia-
phragm of a single boar confirming that wild boar are a possible source of infection

for humans.

The intestinal worm Globocephalus urosubulatus was found in wild boar in Corsica
(Foata et al. 2006) with a prevalence between 30% and 70%, as well as in the Iran

with a mean infestation rate of 74% (Eslami and Farsad-Hamdi 1992). The study
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from Corsica also showed that adult G. urosubulatus were predominantly found dur-
ing spring, while Ascaris suum was more frequent in winter (Foata et al. 2006). G.
urosubulatus was significantly more frequent in wild boar older than one year (43%
vs. 15%), whereas Metastrongylus sp. showed significantly higher infection rates in
younger hosts (94% vs. 6%) (Foata et al. 2006). In Iran, in addition to G. urosubula-
tus, wild boar was also infested with A. suum, but at a low prevalence (5%), while
gastrointestinal nematodes (e.g. Ascarops strongylina, 56% and Physocephalus sexa-
latus, 56%), lungworms (Metastrongylus spp., 14-16%) and the liver fluke Dicro-
coelium dentriticum (21%) showed higher infection rates (Eslami and Farsad-Hamdi
1992). A study from Estonia reported that lung nematodes were the predominant
helminths discovered in wild boar with a prevalence of 82%, whereby a significant
negative correlation between wild boar body mass and the number of lungworms
was determined (Jarvis et al. 2007). Ascarops strongylina (87%) and Metastrongylus
spp- (85%) were the most common helminths in Spain, whereby for the latter spe-
cies the infection rate was greatest in wild boar younger than one year (de-la-Muela
etal. 2001). In southwestern Spain, lung nematodes had a prevalence of 41.1%, with
Metastrongylus apri (71.4%) also being the most frequent (Garcia-Gonzalez et al.
2013). Thereby, the infestation intensity and the prevalence were also higher in
young wild boar, as well as in areas of higher altitude and with higher precipitation.
A sex-biased lungworm parasitism was not detected (Garcia-Gonzalez et al. 2013).
Similarly, studies in Germany showed that Metastrongylus spp. were most frequent
(100%), followed by gastrointestinal nematodes (e.g. G. urosubulatus, 95.6% and
Physocephalus sexalatus, 73.3%) (Walburga 1989, Barutzki and Richter 1990, Epe
and Spellmeyer 1997). In contrast, in France, the prevalence of stomach nematodes
(97%) was slightly higher than that of lung nematodes (92%), although a signifi-
cantly higher nematode intensity was reported for young wild boar, similar to the
Spanish studies (Humbert and Henry 1989). The development of parasites in the
lungs and in gastrointestinal tract can be one of the main causes for increased mor-

tality rates of young wild boar (Jezierski 1977).
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Suborder Family Section Subfamily Genus (Species)

Prostriata Ixodinae Ixodes (243 spp.)

. i Ambl, 130spp
Ixodidae Amblyomminae mblyomma (130 spp.)

Bothriocrotoninae Bothriocroton (7 spp.)

Metastriata
Haemaphysalinae Haemaphysalis (166 spp.)

Hyalomminae Hyalomma (27 spp.) Anomalohimalaya (3 spp.)
Nosomma (2 spp.)

Cosmiomma (1 spp.)
Rhipicephalinae Dermacentor (34 spp.)
Margaropus (3 spp.)

Rhipicentor (2 spp.)
Rhipicephalus (82 spp.)

Compluriscutula (1spp.)
Cornupalpatum (1spp.)

Argasinae Argas (58 spp.)

Antricolinae Antricola (16 spp.)

Argasidae Nothoaspinae Nothaspis (1 spp.)

Ornithodorinae Ornithodoros (36 spp.)

Otobinae Otobius (2 spp.)

Nuttalliellidae Nuttalliella (1 spp.)

Figure 2.4: Tree visualizing the taxonomy of ticks (Ixodida) including the 3 families, all gen-
era and the corresponding number of species in accordance with Guglielmone et al. (2010).

2.2 Ticks (Ixodida)

2.2.1 Taxonomy

Ticks belong to the class of Arachnida and form together with mites, the subclass of
Acari. Ticks are ectoparasites living on the surface of the host. They belong to the
order of Anactinotrichidea (Parasitiformes) and can be subdivided into 3 families
(Oliver 1989, de la Fuente and Kocan 2006) which constitute the suborder Ixodida
(Metastigmata): the Ixodidae (hard ticks), Argasidae (soft ticks) and Nuttalliellidae
(see Figure 2.4). The family of Nuttalliellidae comprises only a single species, Nut-
talliella namaqua, which so far has only been found in southern Africa in the areas
from Tanzania to Namibia and in South Africa (Horak 2009, Sonenshine and Roe
2013a). This tick shares many features with the Ixodidae (e.g. anteriorly extending
mouthparts and a dorsal shield) and the Argasidae (e.g. overall body structure). A
recent study (Mans et al. 2011) has described N. namaqua as the closest living rela-
tive to the ancestral tick lineage. They indicate that it forms the evolutionary missing
link between the other two tick families. The family of soft ticks includes approxi-

mately 5 genera (this is an area of some confusion) and approximately 190 species.
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In contrast to soft ticks, the family of hard ticks contains 14 genera with approxi-
mately 700 species/subspecies and thus forms the largest of the 3 families
(Guglielmone et al. 2013). Hard ticks are distinguished from soft ticks by the pres-
ence of a scutum, i.e. a hard shield. They comprise two sections: the Prostriata and
Metastriata. The section Prostriata includes only the genus Ixodes, the members of
which possess an anal groove that extends anterior to the anus, in contrast to other
ixodid ticks when the groove lies posteriorly (Petney et al. 2012). The section
Metastriata comprises all other ixodid tick genera (Nava et al. 2009). The tree in
Figure 2.4 summarizes the taxonomy and shows the number of tick species belong-

ing to each genus (Guglielmone et al. 2010).

2.2.2 Distribution

Ticks have adapted to all kinds of ecosystems, including tropical rainforests, wet
grassy landscapes, deserts and oceanic islands. They are found from both polar ar-
eas, through the temperate zones into the tropics (Dautel and Kahl 1999, Barker and
Murrell 2004, Dautel 2010). The distribution of ticks depends on both biotic and
abiotic factors (Dautel 2010). Ticks react very sensitively to climatic changes: low
temperatures inhibit their development from egg to larva, while a certain amount of
humidity is required for them to molt successfully to the next life history stage.
Moreover, there exist both minimum and maximum temperatures that are lethal for
ticks and which influence their distribution (Dautel 2010). Consequently, three fun-
damental requirements are essential for an ecosystem to support ticks: (1) a tem-
perature not lethal to ticks, (2) a high enough relative humidity allowing ticks to stay
hydrated and (3) a host population density that is high enough.

In Germany 17 tick species have been described (Liebisch and Rahman 1976, Petney
et al. 2011), whereby most of the species belong to the family of Ixodidae occurring
within 5 genera: Ixodes, Dermacentor, Haemaphysalis, Hyalomma and Rhipicephalus
(Petney et al. 2011, Rubel et al. 2014). A recent map of georeferenced tick findings
recorded by Rubel et al. (2014) in Germany is shown by Figure 2.5. Ticks are

34



Related work - Ticks (Ixodida)

I. ricinus

D. marginatus
D. reticulatus
Ha. concinna |
Hy. marginatum

54° N —
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Figure 2.5: Map of georeferenced locations at which hard ticks were found in Germany (from
Rubel et al. 2014).

occasionally imported from other countries, e.g. the brown dog tick, Rhipicephalus
sanguineus, which occurs on dogs and comes from the Mediterranean into Germany

(Rubel et al. 2014). However, as far as we know, these ticks are not able to survive
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the cold temperate winters of Central Europe (Kimmig et al. 2010). In addition, ticks
can be transported by migrating birds between different areas (Elfving et al. 2010,
Plokarz 2010).

2.2.3 Ecology

Ticks feed on blood of vertebrates (Walter and Proctor 2013). While soft ticks take
several relatively small blood meals over a short period of time (minutes to hours),
hard ticks only feed once per life history stage (larva, nymph and adult adults: males
of the genus Ixodes do not require a blood meal before mating) taking in a large
amount of blood over several days. Most of the hard ticks are heteroxenous ticks and
therefore need blood meals from different hosts to complete their developmental
cycle (Wilson 1994). During each feeding ticks can deliver pathogens to and receive
them from the hosts. Within the blood sucking arthropods, ticks transmit the largest

variety of pathogens, including viruses, bacteria and protozoa (Aspdck 2008).

Crucial for the active host selection process of ticks is the ambient temperature. Like
other arthropods, ticks have developed various mechanisms to adapt to daily and
seasonal temperature fluctuations (Dautel 2010). This is in particular true with re-
spect to phases of dormancy, which are used by ticks to survive unfavorable circum-

stances, i.e. extreme heat or coldness (Dautel 2010).

Some tick species are strictly host-specific and are only found on certain wild mam-
mals and birds or in their dens and nests (Liebisch and Rahman 1976, Petney et al.
2011). For example, Ixodes vespertilionis feeds only on bats (Siuda et al. 2009), while
other species like Ixodes arboricola are more specialized for birds (Schilling et al.
1981). In contrast to this, the most common European species, Ixodes ricinus, has no
specific spectrum of hosts and infests more than 300 vertebrate species ranging
through reptiles and birds to mammals (Baranton and De Martino 2009, Hubalek
2009). Because of its polyphagy, I ricinus plays a central role in the propagation of
Borrelia spp. and of other tick-borne pathogens (Faulde and Hoffmann 2001, Stanek
2005, Aspock 2008, Reis et al. 2011).

36



Related work - Ticks (Ixodida)

2.2.4 Morphology of the Ixodidae

The dorsoventral flattened body of hard ticks is structured into 3 major regions: (1)
the capitulum with its mandibles, (2) the body (the idiosoma), and (3) the legs
(Sonenshine and Roe 2013b). The capitulum contains the basis capituli connecting
the capitulum with the main body of the tick, as well as the mandibles that consist
of the external pedipalps, a pair of chelicerae and the hypostome, which is immova-
ble and covered with barbs anteriorly (Hillyard 1996, Sonenshine and Roe 2013b).
The tick body is usually subdivided into an anterior, i.e. the podosoma, and a poste-
rior region, i.e. the opisthosoma (the abdomen). The anterior region carries 4 pairs
of walking legs and the genital pore, while the opisthosoma comprises the anal ap-
erture and the spiracular plates. In contrast to adult hard ticks, larvae have only 3
pairs of legs (Petney et al. 2011). The tarsus of the two most anterior legs contain
Haller’s organ, which is an important sensory organ helping ticks to recognize heat,
odors and other environmental factors (Petney et al. 2011, Sonenshine and Roe
2013b). All ixodid ticks have the characteristic hard, sclerotized plate, the scutum,
which is important for species determination (Petney et al. 2011). For male hard
ticks the scutum covers the whole idiosoma, whereas for females, nymphs and lar-

vae the scutum is smaller and occupies only the anterior third of the dorsal surface.

The body of a male Ixodes ricinus, which is about 2.6 mm, appears in a uniform black
brownish color. In comparison to females, males have seven sclerotized plates on
the ventral side. The idiosoma of unfed I. ricinus females is usually reddish, but can
vary from brown gray to beige after a blood meal. During feeding the body length of
an I ricinus female can grow from about 3.3 mm under unfed conditions up to 1.1 cm
(Hillyard 1996). Males have a size of about 2.6 mm, and nymphs of approximately
1.4 mm. The larvae of I ricinus are yellowish-translucent and have an approximate
size of 0.5 mm in an unfed state. For adult Ixodes spp. the genital aperture lies in the
anterior third, between the coxen of the fourth pair of legs (Hillyard 1996). Nymphs
and larvae possess no genital aperture und are therefore not sexually differentiable.

The life history stages of I. ricinus are displayed in Figure 2.6.
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Figure 2.6: Comparison of Ixodes ricinus life history stages showing a larva (left), a nymph
(second from the left), an adult female (second from the right) and an adult male tick
(Stanek et al. 2012)

Figure 2.7: Comparison of adult female (left) and male (right) Dermacentor marginatus. The
image has been acquired by Dragisa Savi¢ (http://www.naturefg.com).

Adult Dermacentor marginatus (Figure 2.7) are about 3.5 to 5 mm long and the sexes
show conspicuous differences in their appearances. The full-shielded males have a
shimmering silver, dark grey and reddish coloring, while the partly shield-covered
females appear in a brown to reddish color. Nymphs in an unfed state are approxi-
mately 1.6 mm long and 0.9 mm wide, while their shield covers about one-third of
the body. Fully engorged females can reach a length of up to 1.5 cm. The larva of D.
marginatus are about 0.75 mm long and about 0.5 mm wide, while their back shield

covers approximately the half body (Mitrea et al. 2008).
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2.2.5 Distribution and ecology
2.2.5.1 Ixodes ricinus

Ixodes ricinus is the most common tick species in Central Europe (Gern and Humair
2002, Stanek 2005, Aspock 2008). It constitutes more than 90% of the overall tick
fauna (Kimmig et al. 2010) and is the most commonly studied species (Petney et al.
2012). The geographic range of . ricinus is related to temperate climate, which ex-
tends from the Atlas Mountains in North Africa to a latitude of about 65° north in
Scandinavia and from Portugal to a longitude of 60° east in Central Asia (Hillyard
1996, Petney et al. 2012) , although there is some indication that the North African
specimens may represent a sister species (Estrada-Pefa et al. 2013). The eastern
distribution area overlaps with the range of the near relative Ixodes persulcatus.
Within this geographic range the local occurrence of I. ricinus over the whole year is
restricted to regions with high humidity (Donnelly 1987). The range with respect to
altitudes has expanded from 700 m at the end of the 1970s to over 1100 m after the
turn of the millennium (Dautel 2010). Moreover, the distribution of L. ricinus seems
to be expanding further northwards (Lindgren et al. 2000). In Germany, I ricinus
occurs in all states, where it can also be found within city areas (Petney et al. 2012).
A recent map depicting the habitat suitability (see Estrada-Pefia 1999) for I ricinus

in Europe and in the western parts of Asia is provided in Figure 2.8.

Like all other hard ticks, I. ricinus passes through multiple development stages, from
egg over larva and nymph to adult tick (see Figure 2.9) and uses a passive strategy
for finding hosts (Sonenshine and Roe 2013a). Thereby, host-seeking ticks lie in wait
(“questing phase”) on the vegetation, e.g. at the tip of grass stalks. During questing
the ticks stretch out their front legs (Sonenshine and Roe 2013a). Situated on the
frontlegs is Haller's organ, a small dent with sensory hairs, which ticks uses to detect
mechanical, thermal and chemical stimuli. Movement and carbon dioxide emission
of the hosts are recognized (Sonenshine and Roe 2013a). Once a host passes by, the
tick releases the grass stalk, moves onto the host and searches its body for a suitable
attachment site. Depending on the life history stage, the period that ticks stay at-

tached to the host varies from 2 to 3 days for larvae, 4 to 5 days for nymphs and 7 to
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Figure 2.8: Map of the predicted spatial distribution of Ixodes ricinus in Europe. Habitat suit-
ability is mapped as a range of grey values from dark (low suitability) to light (highest suit-
ability). Black lines represent the NUTS administrative divisions. The map has been pro-
vided by Agustin Estrada-Pefia and was generated from data of 2014.

9 days for adult females (Sonenshine and Roe 2013a). Mating ticks can be observed
on the vegetation or on the host. After females are fully engorged, they detach from
the host and can deposit between 2000 and 3000 eggs within the vegetation where
they then die (Hillyard 1996). Larvae and nymphs detach from the host and molt on
the ground within a few months to become nymphs and adult ticks, respectively.
Each phase requires about 1 year to complete (Gray 1991). Therefore, the complete
development cycle of I ricinus usually takes over 3 years in natural surroundings.
However, this period can vary between 2 and 6 years depending on the geographical
location and on the associated climatic conditions (Gray 1991). Each life history

stage can survive up to 2 years off-host (Brunnemann 2010).
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Figure 2.9: The development cycle of Ixodes ricinus in relation to the important host species
serving for blood meals at each life history stage. Black host species (roe deer and wild boar)
are studied within this thesis.

. oviposition

Although more than 300 vertebrate hosts are known for I. ricinus (Stanek 2005), the
three life history stages prefer different hosts and seek their hosts at different
heights within the vegetation (Mejlon and Jaenson 1997). Larvae are found near the
ground, which is why they predominantly parasitize smaller mammals (Skuballa
2011). In a typical woodland habitat mice are the most important hosts for larvae.
Nymphs wait on tall grasses and low ferns at an approximate height of 10 to 20 cm
for their hosts and therefore can be found on a wider variety of vertebrate species,
such as hedgehogs and squirrels, as well as on even larger mammals (Skuballa
2011). Under optimal conditions adult ticks can climb up to 100 cm (Mejlon and
Jaenson 1997) and their horizontal movement is no more than 20 cm (Healy and
Bourke 2008). Deer in general, and in particular roe deer in Europe, are important
for adult females as they supply sufficient quantities of blood for egg production.

Therefore, large deer hosts maintain and support the size of the tick population
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(Alberdi et al. 2000, Stanek 2005, Vor et al. 2010, Handeland et al. 2013, Pacilly et al.
2014). A detailed review underlining the importance of roe deer as host for I ricinus
can be found in the thesis of Overzier et al. (2013). Conversely, the exact role of wild

boar in the life cycle of I. ricinus is still unclear (Sprong et al. 2009, Pacilly et al. 2014).

L ricinus prefers biotopes with humus-rich and slightly sour soils, which are charac-
terized by an herbaceous vegetation with a cover of dead leaf and plant matter
(Kurtenbach et al. 1995). Conifer, broadleaf and mixed forests with a large amount
of undergrowth und near-ground vegetation provide an ideal habitat for their ticks.
Additionally, these habitats constitute an outstanding biotope for I ricinus hosts,

such as roe deer, wild boar and small mammals (Gray 2002, Stanek 2005).

In general, the micro climate directly at ground level, in particular the high relative
humidity, differs significantly from the areas predominant macro-climate. This mi-
cro-climate is essential for the activity and the survival of host-seeking ticks (Daniel
and Dusbabek 1994, Perret et al. 2000). I. ricinus strongly depends on humidity and
is only able to survive in biotopes in which the relative air humidity at the base of
the vegetation is seldom below 85% (MacLeod 1935, Gray 2002). Within continental
Europe, 2 characteristic seasonal abundance maxima (bimodal activity pattern)
have been observed for adult and nymphal I ricinus: the first seasonal peak lies be-
tween March and June, also called “spring peak”, and the second less intense peak
occurs between August and October, also known as the “autumn peak” (Donnelly
1987, Kurtenbach et al. 2006). In some regions, for example the south of England
and Ireland, the activity pattern can also be unimodal with only a single peak
(Kurtenbach et al. 2006). Besides the relative humidity, the temperature also deter-
mines the seasonal activity and the abundance of host-seeking ticks. The lethal tem-
perature for I ricinus lies below -15 °C and above 30 °C (Dautel 2010), whereby a
considerable increase of tick activity has been registered for daily air temperatures
above 10 °C (Randolph et al. 2002). For eggs and larvae temperatures below -7 °C

cause death after a few days (Lengauer 2004). The survival rate of I. ricinus depends
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largely on the individuals’ energy reserves. These are tightly coupled with water re-
serves which need constant renewal near to the ground to prevent the ticks from

dehydrating (Perret et al. 2003).

2.2.5.2 Dermacentor marginatus

So far, D. marginatus has been reported in France, Germany, Hungary, Italy, Mo-
rocco, North Africa, Poland, Slovakia, Spain, Switzerland and former Yugoslavia as
well as from East to South and Central Russia up to Western Siberia (Arthur 1960,
Nosek etal. 1967, Darvishi et al. 2014). It was also found in northwestern provinces
of Iran (Nabian et al. 2008). Evidence suggests that D. marginatus has been imported
by the transportation of dogs from Mediterranean countries or Portugal to Central
European countries in the mid-90s (Glaser and Gothe 1998). In Germany, findings
of D. marginatus have been reported from Baden-Wirttemberg, Bavaria, Hesse,
Rhineland-Palatinate and the Saarland (Petney et al. 2012). Recent georeferenced
findings (Rubel et al. 2014) of D. marginatus in Germany are displayed in Figure 2.5.
Thereby, D. marginatus is found up to heights of 3,500 m above sea level with a pre-

ferred range between 800 and 1,000 m (Estrada-Pefia et al. 20044a, Selmi et al. 2009).

D. marginatus it a three-host tick and an entire life cycle takes one year under natu-
ral and 92 to 163 days under laboratory conditions (Nosek et al. 1967, Estrada-Pefia
et al. 20044a, Darvishi et al. 2014). Development of larvae takes about three weeks
until they hatch during spring, as soon as suitable environmental conditions occur
(Arthur 1960). The hatched larva remains some days in the litter layer and then
starts to search for a host. Once a larva has found a suitable host, it feeds between 2
and 10 days depending on its age (Arthur 1960). Then it detaches from the host and
molts on the ground. Once the nymphs have attached to a host, they feed 4 to 11
days, detach and molt (Arthur 1960, Nosek et al. 1967). Adult D. marginatus can be
found on the vegetation, waiting for suitable hosts in the characteristic “questing
position” at an altitude above the ground of ideally 20 to 50 cm (Arthur 1960). Fe-
males take far more blood than male D. marginatus, but in contrast to I ricinus, male

D. marginatus need a blood meal to become able to mate (Liebisch and Rahman
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1976). After feeding males can mate with several females. Mating occurs on the host
while the female is still feeding. After mating and feeding, the female detaches and
finds a suitable place on the ground for oviposition (Liebisch and Rahman 1976).
Adult ticks spend the winter just over the frozen ground in a cold rigidity with re-
duced metabolism. With increasing temperatures they become active (Arthur

1960).

Hosts of adult D. marginatus comprise a wide spectrum of wild animals, including
roe deer, wild boar, horses, cattle and other even-toed ungulates as well as domestic
animals, but in particular sheep (Petney et al. 2012). While adults prefer large mam-
mals, the larvae and nymphs are found on mice and other small mammals (Arthur
1960, Nosek et al. 1967). D. marginatus attaches to domestic dogs, but is rarely
found on humans (Immler et al. 1970, Liebisch and Rahman 1976). In Germany,
sheep are the predominant hosts (Liebisch and Rahman 1976). In general, D. mar-
ginatus has a patchy distribution (Petney et al. 2012). One reason might be the lack
of suitable hosts for the adult life stages in some areas (Petney et al. 2012). In Ger-
many, the maintenance of D. marginatus populations is thought to depend on the

presence of sufficient sheep (Liebisch and Rahman 1976).

D. marginatus has a relatively high resistance to drought (Immler et al. 1970) and
cold (Dorr and Gothe 2001), but is rather sensitive to humidity (Meyer-Konig et al.
2001). Therefore, the species prefers dry, warm and sparsely vegetated habitats,
such as bush- and grasslands (Immler et al. 1970), but it is also found along the
courses of rivers where it inhabits distant, isolated areas (Liebisch and Rahman
1976). This behavior also explains the patchy distribution of D. marginatus (Petney
et al. 2012). A Spanish study showed that the distribution correlated with various
climatic and vegetation parameters, such that a relatively high Normalized Differ-
ence Vegetation Index (NDVI), a mean temperature between 14 °C and 15.8 °C and
a maximum temperature around 27 °C where significant indicators for D. margina-
tus (Estrada-Pefia et al. 2004b). In Slovakia, active D. marginatus adults prefer tem-

peratures from 4 °C to 16 °C (Selmi et al. 2009). Adult individuals are most active
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from the end of February until the beginning of May with an activity peak during
March. During spring Liebisch and Rahman (1976) observed a prevalence of 100%
with up to 200 ticks per sheep in several German states. A second phase of activity
occurs from September to October and consists primarily of individuals that did not
feed during spring or that belong to a new generation of adults (Liebisch and
Rahman 1976). In Russia and Central Europe, larvae are most active during June and
July, while nymphs reach their maximum abundance between July and September

(Arthur 1960).

2.3  Tick-borne diseases

2.3.1 Lyme borreliosis

Lyme borreliosis, also known as Lyme disease, is an infectious disease that is caused
by spirochetes of the Borrelia burgdorferi sensu lato species complex (see Section
2.3.1.2). These are transmitted by ticks of the genus Ixodes (see Section 2.3.1.5).
Lyme borreliosis is the most common arthropod-borne disease in Europe where it
has an important impact on public health (Wilske 2003, Rizzoli et al. 2011). The ex-
panding geographical distribution of Lyme borreliosis is likely to become an increas-
ingly relevant risk factor for public health in the near future. Thus, the study of the
complex interactions between socio-economic and environmental influences on the
ecology and epidemiology of Lyme borreliosis will become more and more im-

portant (Rizzoli et al. 2011).

2.3.1.1 Historical background

Only very recently, spirochetes-like cells were found in a tick larva that was trapped
in amber some 15 to 20 million years ago, whereby a large grouping of cells showed
a close resemblance to Borrelia (Poinar 2014). This finding suggests that tick-borne
bacteria have been transmitted for millennia, potentially also in humans, for exam-
ple the glacial body (Otzi) was found to be infected with Borrelia burgdorferi s.l.
(Keller et al. 2012). The first reporting of clinical sings of Lyme borreliosis go back
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to the 19th century. In Europe, Buchwald (1883) observed an inflammatory skin le-
sion, acrodermatitis chronica atrophicans (ACA), also known as Herxheimer disease,
which is usually related to the last stage of Lyme borreliosis. Afzelius, a Swedish der-
matologist, identified the typical red rash on the skin, also known as erythema mi-
grans (EM) in 1909 (Afzelius 1910). Further investigations (Garin and Bujadoux
1922) described radicular pains and neurological disorders that appeared after EM
with many cases of chronic lymphocytic meningitis being reported (Bannwarth
1941). In the meantime, Hellerstrom (1930) had recognized a causal relation be-
tween ticks bites, characteristic dermatoses and neurological symptoms. Moreover,
in 1953 Bafverstedt (1953, 1960) reported lymphadenosis cutis benigna that is ex-
pressed by cutaneous disorders, such as swellings and stains on the skin (Lipsker
and Jaulhac 2009, Brunnemann 2010), which were related to Lyme disease. The first
successful treatments of EM (Hollstrom 1951) and ACA (Thyresson 1949) employed
antibiotics (e.g. penicillin), although the infective nature of EM and ACA was not
proven until 1955 (Binder et al. 1955, Gotz 1955). Although the bite of I. ricinus was
known to cause EM in Europe (Hellerstrom 1951), the real aetiology stayed unclear
until arthritis and EM were found and investigated in the northeastern United

States.

More than six decades after the first report by Afzelius, in the mid-1970s, an unusu-
ally clustered appearance of juvenile rheumatoid arthritis (JRA) in children, teenag-
ers and few adults was investigated (Mast and Burrows 1976, Steere et al. 1977) in
the coastal community of Old Lyme, Connecticut in the United States. Soon after the
observations made in Old Lyme, a connection between skin rashes in Europe and
arthritis was noted (Barbour and Fish 1993). On epidemiological grounds, a further
study (Steere et al. 1978) that searched for the etiologic agent revealed that EM and
Lyme arthritis are tick-transmitted diseases, with Ixodes scapularis as the vector in
the United States, with many patients reporting tick bites preceding the disease. The
isolation of spirochetes from the gut of . scapularis ticks by Burgdorfer et al. (1982)
first indicated the etiological agent causing Lyme borreliosis, since these bacteria

showed a reaction with the immune sera from patients in the United States who had
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had EM and Lyme disease. Thus, the pathogen and the vector of Lyme disease were
identified at the same time. Only few months later, similar spirochetes were also
isolated in Europe from . ricinus, which is closely related to I. scapularis (Burgdorfer
etal. 1983). Additional studies conducted during the same and in the following years
verified the findings of Burgdorfer (Barbour et al. 1983, Steere et al. 1983, Pfister et
al. 1988). In 1984, the spirochetes were named after their discoverer as Borrelia
burgdorferi (Johnson et al. 1984). Moreover, the disease was named after the place

of discovery as Lyme borreliosis (Gern and Falco 2000).

2.3.1.2 Systematics

In the context of taxonomy, the species of the B. burgdorferi s.l. complex are Eubac-
teria belonging to the order of Spirochaetales and the family of Spirochaetaceae. The
order of Spirochaetales comprises three additional families: Brachyspiraceae,
Brevinemataceae and Leptospiraceae (Krieg et al. 2011). However, with respect to
human pathogenicity the genera Borrelia, Treponema, the agent of syphilis (Trepo-
nema pallidum) as well as Leptospira, the agent of leptospirosis (Leptospira interro-
gans) are of most importance (Porcella and Schwan 2001). The genus Borrelia is
usually divided into 2 main groups: (1) the B. burgdorferi s.l. complex, which is re-
sponsible for Lyme disease, and (2) the agents of the relapsing fever (e.g. B. duttoni,

Wang et al. 19993, Olsen et al. 2000).

Borrelia spirochetes follow a strictly parasitic mode of life. Their lifecycle consists of
phases that involve arthropods, particularly ticks, as vectors and vertebrates as host
(Baranton and De Martino 2009). The B. burgdorferi s.l. spirochetes are vectored by
ticks of the genus Ixodes, whereas most of the relapsing-fever Borrelia spirochetes
are transmitted through argasid ticks of the genus Ornithodorus. Relapsing fever
caused by Borrelia recurrentis is transmitted by the human body louse (Pediculus
humanus) (Ras et al. 1996, Raoult and Roux 1999). Conversely, the relapsing-fever-

related species Borrelia miyamotoi can also occur in ixodid ticks (Fraenkel et al.
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2002, Barbour et al. 2009). In this thesis only species of the B. burgdorferi s.1. com-
plex will be investigated. For this reason, and for the sake of simplicity, the used

terms Borrelia and borreliosis refer to this complex.

When B. burgdorferi was discovered, it was assumed that it was a unique species
(Burgdorfer et al. 1982). However, the molecular typing of a multitude of isolates
from ticks, hosts and patients led to the insight that Lyme borreliosis is caused by
multiple Borrelia species (Stanek and Reiter 2011). To date, at least 18 different
genospecies have been included in the B. burgdorferi s.l. complex worldwide. In the
northern part of the United States, B. burgdorferi sensu stricto is the only species
that causes Lyme borreliosis in humans. Five species are clearly pathogenic for hu-
mans in Europe: B. afzelii, B. burgdorferi s.s., B. garinii, B. spielmanii and B. bavari-
ensis (Baranton and De Martino 2009, Stanek et al. 2012). In comparison to the
United States, the larger number of species involved could cause a wider variety of
clinically detected symptoms in Europe (Stanek et al. 2012). The species B. bissettii,
B. lusitaniae, and B. valaisiana seem to be less important pathogens, since they have

been found only occasionally in patients (Stanek et al. 2012).

The term genospecies has been generally accepted over the term species in Borrelia
research, because the different genospecies are not distinguishable by morphology
and thus their descriptions are mostly based on genetic features. B. burgdorferi s.l.
is a genetically very heterogeneous group of species. Between and within genospe-
cies there can exist multiple strains, which can have considerably different genetic
configurations. For this reason, taxonomic reorganization can happen after the ini-
tial naming of genospecies. For example, based on multilocus sequence analysis
(MLST/MLSA) B. garinii OspA-serotyp 4 has been renamed to B. bavariensis (Margos
et al. 2009) and a B. bissettii strain was renamed to B. kurtenbachii (Margos et al.
2010). The complex taxonomy of Lyme borreliosis spirochetes reflects their corre-

spondence to ecotypes and thus their ecology (Margos et al. 2009, 2011).
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Figure 2.10: Morphological structure of Borrelia burgdorferi s.1. Top row (a): scanning (left)
und transmission (right) electron micrographs. Second (b) and third (c) row: schematic
view of the internal spirochete structure (adapted from Rosa et al. 2005)

2.3.1.3 Morphology

All species of the B. burgdorferi s.l. complex are gram-negative, helical-shaped bac-
teria (see Figure 2.10). Their length ranges from 10 pum to 20 um, while their width
varies between 0.2 and 0.5 pm (Barbour and Hayes 1986). Like other spirochetes,
Borrelia possess an inner and outer membrane. The outer membrane encloses a pro-
toplasmatic cylinder, which consist of the inner membrane and the cytoplasm. A fur-

ther structural element is a 2 to 10 nm thin mucoid layer, which wraps around the
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outer membrane and is quite unstable and easy to remove (cf. Brunnemann 2010).
Between the outer and inner membranes of the cell lie 7-11 periplasmic flagella,
which are used for locomotion (Barbour and Fish 1993, Wang et al. 1999b, Rosa et
al. 2005). The flagella rotate in a counterclockwise direction as viewed from the back
of the cell, causing waves to move from the anterior to the posterior ends of the cell
(Lietal. 2000). However, different strains of B. burgdorferi s.l. can show morpholog-
ical differences, such as a different number of flagella, differently shaped cell endings

or the formation of vesicle (Hovind-Hougen 1984, Schulze et al. 1995).

2.3.1.4 Genetic features

The B. burgdorferi s.s. strain B31 was the first spirochete species for which the com-
plete genome was sequenced (Fraser et al. 1997). It consists of a main chromosome
0f 910,725 base pairs and 11 plasmids, which have a size between 15 and 60 kb. The
chromosome contains 853 genes, which encode proteins for DNA replication, tran-
scription and translation, for solute transport and energy metabolism, for motility
and chemotaxis, as well as for regulation of gene expression, repair and recombina-
tion of genes. However, genes for cellular biosynthetic reactions encoding enzymes
for the synthesis of amino acids, fatty acids and nucleotides are lacking. Genes en-
coding proteins of the oxidative phosphorylation or tricarboxylic acid cycle were
also not identified (Fraser et al. 1997). Therefore, the nutritional requirements of

the spirochetes need to be satisfied by their environment (Stanek et al. 2012).

Complete sequences have also been obtained for other isolates, including B. garinii
strain PBi and B. afzelii strain PKo (Casjens et al. 2011a, 2011b, Schutzer et al. 2011,
2012). All these analyses showed that all Borrelia have a main linear chromosome,
which has a length of about 950 kb. In this way, Borrelia differs from the closely
related genera Leptospira and Treponema, which have a circular chromosome. In
addition to the main chromosome, B. burgdorferis.l. genomes include multiple linear
and circular plasmids (e.g. OspA plasmids). Among the different Borrelia strains the
number of plasmids and their sizes (5 to 220 kbp) vary substantially (Fraser et al.
1997, Casjens 2000, Terekhova et al. 2006). On the plasmids lie genes for surface

50



Related work - Tick-borne diseases

proteins, for example, the so-called outer surface proteins (osp) or the lipoprotein
variable major protein-like sequence, expressed (VISE). The surface proteins and the
VISE are essential for pathogen-host interactions and for the survival of the complex
life cycle of the spirochetes (Stewart et al. 2005, Marques 2010), respectively. In
contrast to other well-studied bacterial pathogens, none of the plasmid genes of B.
burgdorferi s.l. show similarity to known bacterial virulence genes suggesting that
the plasmids encode functions that are specific to the spirochete infectious cycle

(Rosa et al. 2005, Baranton and De Martino 2009).

An analysis of the metabolic pathways suggests that Borrelia gain their energy
mainly by using the substrate phosphorylation during glycolysis. Due to its meta-
bolic abilities, the existence of Borrelia is bound to a host which provides its nutri-
ents (Fraser etal. 1997). Thereby, Borrelia have developed many different strategies
to circumvent the immune system of their host (Embers et al. 2004, 2007, Singh and
Girschick 2004, Coutte et al. 2009). These strategies include the suppression of in-
nate and adaptive immune responses, retreat to niches not accessible to the immune
system and the possibility to change their surface structure (antigen variation)
(Ohnishi et al. 2001, Embers et al. 2007, Coutte et al. 2009). The change in the anti-
gen structure is based on recombination events. This mechanism is common, espe-
cially in micro-organisms that cause a long-lasting or repeated infections (Coutte et
al. 2009). Pathogens that are able to vary their antigen have an advantage over their
hosts, which first have to adapt their immune system to the new surface coat. A pro-
tein that is subject to a very strong recombination is VISE that is expressed by Bor-
relia only in vertebrate hosts. The constant changes in Borrelia surface complicates
the production of a vaccine (Coutte et al. 2009). A vaccine for humans was success-
fully marketed in the U.S., but withdrawn from the market for economic reasons
(Rizzoli et al. 2011). In Europe the development and the application of a vaccine is
difficult due to the heterogeneity and diversity of the Borrelia genospecies (see Sec-

tion 2.3.1.2).
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2.3.1.5 Transmission

To maintain the cycles of B. burgdorferi s.l. in a certain habitat appropriate hosts
must be present, in addition to competent vectoring ticks and suitable climatic con-
ditions (Kurtenbach et al. 1998a, 1998b). Reservoir hosts play a key role in the epi-
demiological cycles, as only ticks feeding on them can become infected. In wooded
areas, rodents, like the yellow-necked mouse (Apodemus flavicollis), the wood
mouse (Apodemus sylvaticus) and the bank vole (Myodes formerly Clethrionomys
glareolus), play an important role in the sense that they act as reservoirs for B.
burgdorferi s.l. (Kurtenbach et al. 1998a, Piesman and Gern 2004). However, Apode-
mus and Myodes showed different transmission patterns, such that their reservoir
competence appeared to be modulated by their immune response towards the path-
ogen and ticks (Piesman and Gern 2004). Moreover, another vole, Microtus agrestis,
black rats (Rattus rattus) and Norway rats (R. norvegicus) may infect feeding I. rici-
nus ticks in urbanized environments (Piesman and Gern 2004). In France and Ger-
many, edible dormice (Glis glis), the European hedgehog (Erinaceus europaeus) and
garden dormice (Eliomys quercinus) have been confirmed as reservoir hosts for Bor-
relia (Piesman and Gern 2004). Many other vertebrate animals, particularly small-
to medium-sized mammals, are classified as reservoir-competent (Gern et al. 1998).
Larger mammals, such as deer and cattle, also play an important role in the cycle of
B. burgdorferi s.l. because they provide the large blood meals necessary for adult
female ticks, supporting oviposition, and thus helping to maintain the tick popula-
tion size (Bhide et al. 2005, Pacilly et al. 2014). However, these larger hosts are res-
ervoir incompetent (Telford et al. 1988, Gern et al. 1998, Richter and Matuschka
2010).

The risk for humans to become infected by Lyme disease spirochetes depends on
the tick distribution and on the infection rate of Ixodes ticks. The main vector in Eu-
rope is I ricinus, the main vector in Asia is I. persulcatus, the main vector in north-
eastern and Upper Midwestern USA is I. scapularis and the main vector in western

USA is I pacificus (Stanek et al. 2012). Usually, the prevalence of Borrelia in adult
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ticks is highest because the blood feeding during larval and nymphal stages in-
creases the likelihood of an infection by a factor of two (Hubalek and Halouzka
1997). Nymphs play a key role as vectors of Borrelia during spring and summer for
humans and other vertebrates, because they have the opportunity to become in-
fected as larvae on a reservoir host. Additionally, human out-door leisure behavior
in spring and summer increases the risk of infection to humans because it commonly
takes place in tick habitats (Stanek 2005, Hubalek 2009). A second period with in-
creased infection risk arises in autumn by the activity of adult ticks. However, adult
ticks are more easily recognized on the human body than immature life history
stages and if removed in time (see below) do not transmit the infection. Borrelia
spirochetes are injected through the tick saliva during a blood meal. At least 36
hours of feeding are necessary for a successful transmission of B. burgdorferi by 1.
scapularis or I pacificus ticks to occur (Sood et al. 1997), while the transmission of
B. afzelii by 1. ricinus can happen within a shorter period (17 h) (Kahl et al. 1998).
Most Lyme borreliosis cases are caused by bites from infected nymphs (Marques
2010). Predictors for Borrelia prevalence are the activity of nymphs and the inten-
sity of human recreational activity, such that most infections occur between May and

August (Marques 2010).

Several studies show an association between the different genospecies and pre-
ferred reservoir host (Lindgren and Jaenson 2006). For example, B. afzelii and B.
bavariensis have predominantly been isolated from rodents (Humair et al. 1999,
Huegli et al. 2002, Richter et al. 2004, Kurtenbach et al. 2006). Conversely, B. garinii
and B. valaisiana are mainly specialized on various bird species (Hanincova et al.
2003, Kurtenbach et al. 2006, Gern et al. 2008). There are 2 principal transmission
cycles for B. burgdorferi s.l.: (1) the rodent-tick cycle and (2) the bird-tick cycle. B.
burgdorferi s.s. makes use of both cycles and seems least specialized to a certain host

(Kurtenbach et al. 2006, Gern 2008).
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Figure 2.11: Map of the geographical distribution of some B. burgdorferi s.l. species (colored
ellipses) and clinically recorded Lyme borreliosis cases (beige background) worldwide.
(adapted from Kurtenbach et al. 2006). Species identified after 2006 are not included in the
map.

2.3.1.6 Epidemiology

Species of the B. burgdorferi s.l. complex are distributed worldwide (see Figure
2.11). Seven Borrelia genospecies can be found in North America: B. burgdorferi s.s.,
B. andersonii (group 21038), B. bissettii (group DN127), B. californiensis, B. caro-
linensis, B. americana and B. kurtenbachii. The most common genospecies on the Eu-
ropean mainland are B. afzelii and B. garinii including B. garinii OspA type 4 (recently
renamed to B. bavariensis), which are widely spread across the continent (Rauter
and Hartung 2005, Kurtenbach et al. 2006). The third-most common genospecies is
B. burgdorferi s.s., which is found mainly in Eastern Europe (Rauter and Hartung
2005, Sonenshine and Roe 2013a) but rarely in the western areas. The limited
spread of B. lusitaniae over South-West Europe might be explained with its close
relationship with lizards (Younsi et al. 2005). On the British Isles, the distribution of

genospecies differs fundamentally from the distribution patterns on the European
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mainland: there B. garinii and B. valaisana are the dominant genospecies
(Kurtenbach et al. 2006). To date, B. spielmanii has been found in Europe occasion-
ally and B. japonica is mainly distributed in Asia (i.e. in Japan). Other genospecies
present in Asia are B. tanukii, B. turdi and B. sinica (Stanek and Reiter 2011).In 2008,
five B. valaisiana-related strains isolated from rodents and ticks in southwestern
China were identified as a new genospecies and were named B. yangtze (Chu et al.
2008). In Germany 5 to 35% of I. ricinus are infected with B. burgdorferi s.l. depend-
ent on year and locality (Oehme et al. 2002, Rauter et al. 2002, Kampen and Rotzel
2004). In highly endemic areas up to 44% is possible (Maiwald et al. 1995).

There is considerable variation in the annual incidence of human Lyme disease cases
in Europe. One reason for this is that only few European countries have made Lyme
borreliosis mandatorily notifiable (Rizzoli et al. 2011). Estimations assume an inci-
dent rate between 65,500 (Wilske 2003, Rizzoli et al. 2011) and 85,000 (Lindgren
and Jaenson 2006) new borreliosis cases per year in Europe. Annual incidence rates
(Hubalek 2009) are between 0.01 and 137 per 100,000 inhabitants in Turkey and
Slovenia, respectively. In addition to other European countries such as Austria, Ger-
many is a highly endemic area. Because there is no common federal reporting obli-
gation for Borrelia infections, the exact number of new cases per year in Germany is
not known. However, Lyme borreliosis is a notifiable disease in the new federal
states of Germany and since June/July 2011 in Rhineland-Palatinate and Saarland.
Krause and Fingerle (2009) assume an annual incidence rate of 25 to over 100 per
100,000 inhabitants/year, so that an average of 20,000 to over 80,000 new cases
can be expected in Germany every year. According to recent estimates made by the
National Reference Center for Borrelia (Nationales Referenzzentrum fiir Borrelien)
of the Robert-Koch-Institute, about 60,000 to 100,000 people are infected by Lyme
disease each year (Robert Koch-Institut 2011).
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2.3.1.7 Pathogenesis and clinical symptoms

In Europe, Lyme disease in humans is mainly caused by B. afzelii, B. garinii and B.
burgdorferi s.s. (Baranton and De Martino 2009). However, some DNA from B. va-
laisiana, B. lusitaniae, B. spielmanii and B. bissettii has occasionally been found in pa-
tient samples (Picken et al. 1997, Wang et al. 19993, da Franca et al. 2005, Baranton
and De Martino 2009). While the human pathogenicity of B. burgdorferi s.s., B. afzeli,
B. garinii, B. bavariensis and B. spielmanii is beyond doubt, it is still not entirely clear
for the other genospecies (Baranton and De Martino 2009). Lyme disease is charac-
terized by a range of different clinical manifestations and disease outcomes, which
depend on the state of the immune system of the infected organisms, as well as on
the Borrelia genospecies involved (Stanek et al. 2012). The infection proceeds in
more than 25% of clinical cases without any clinical signs (Krause and Fingerle
2009). An early sign of infection is an erythema migrans (EM) at the site of the tick
bite characterized by a local, usually circular skin reddening. This occurs in 60 to

90% of the cases within 1 to 3 weeks after the tick bite (Krause and Fingerle 2009).

The genospecies pathogenic to humans seem preferentially to infect certain organ
systems. For example, B. afzelii is associated with skin symptoms, particularly with
EM, but also with the chronic skin lesions of ACA (Stanek et al. 2012). Similarly, B.
spielmanii has been isolated mainly from skin biopsies of EM patients (Wang et al.
19994, Foldvari et al. 2005, Maraspin et al. 2006). Neurological dysfunction after
infection with B. garinii strains or B. bavariensis occurs frequently, whereas B.
burgdorferi s.s. is often mentioned in conjunction with severe Lyme arthritis and
systemic signs of infection (Van Dam et al. 1993, Balmelli and Piffaretti 1995,
Demaerschalck et al. 1995, Picken et al. 1998, Ornstein et al. 2001, Floris et al. 2007,
Stanek et al. 2012). Lyme borreliosis is a multi-system or multi-organ disease in
which the different organ systems can be infected individually or in combination. In
particular, skin, joints and the central nervous system, but also heart muscles, eyes
and vessels are affected (Kauffmann and Wormser 1990, Karma et al. 1995, de
Carvalho et al. 2008, Palecek et al. 2010). However, apart from the EM, which may

precede a late manifestation, most patients show only symptoms in a single organ
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Figure 2.12: Schematic progression Lyme borreliosis and the corresponding antibody titers.
Translated and adapted from Doérrschuck et al. (2014).

system (Stanek et al. 2012). The differing manifestations in organs are related to the

heterogeneity of the B. burgdorferi s.l. complex (Baranton and De Martino 2009).

Lyme disease in humans is often divided into 3 stages (see Figure 2.12) that often
merge fluently, whereby the first and second stage can also be seen as the early-
stage and the third as the late-stage of Lyme borreliosis (Stanek et al. 2012). How-
ever, the disease can miss a certain stage. For example, local infections or even the
spread of pathogens in the body can remain without tangible clinical symptoms, un-
til finally organ manifestation of the third stage occurs. A detailed description of the
3 stages of Lyme disease with its clinical symptoms is given by Gern and Falco

(2000), Skuballa (2011) and Steere et al. (2004).

Domestic animals can become ill with Lyme disease. The disease can be similar to
that found in humans (Gall and Pfister 2006, Krupka and Straubinger 2010). It is
assumed that in animals, especially in wild animals, the natural tick- and pathogen
exposure has established a balanced host-parasite relationship in the course of evo-
lution, and that infections usually run subclinically (Skotarczak 2002). Serological
studies indicate frequent contact of wild living animals with Borrelia (Isogai et al.

1991, Gill et al. 1993, Juricova and Hubalek 2009). However, the course of infections,
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their clinical manifestations and the persistence of the pathogen are largely un-

known (Skotarczak 2002).

2.3.1.8 Diagnosis

In human medicine, the detection of specific antibodies against B. burgdorferi s.l. in
the serum and cerebrospinal fluid is the main diagnostic method (Wilske et al.
2007). A verifiable infection normally begins with an increase of IgM antibodies af-
ter about 3 weeks and of IgG antibodies after about 6 weeks (Wang et al. 2007). A 2-
stage diagnosis is recommended for the serological detection of Lyme disease. En-
zyme-linked immunosorbent assay (ELISA) or the immune fluorescent antibody test
(IFAT) is suitable for screening. If one of these tests is positive, an immunoblot is
widely used as a confirmatory test (Wilske et al. 2007). However, the proof of a Lyme
disease infection cannot be based solely on serological findings because a negative
serology does not rule out an acute infection. On the other hand, high IgG antibody
titers can persist after an earlier subclinical infection over many years (Wilske et al.

2007).

A direct proof of B. burgdorferi s.l. infection is made by growing the bacteria on a
special culture media or by PCR on specific gene sections. The cultivation of Borrelia
is very time consuming and expensive. Therefore, PCR has become the standard
method of detection for the diagnosis of an unspecific Borrelia because it reliably
allows the detection of the bacteria in epidemiological and clinical studies. In recent
years, different PCR protocols have been developed, enabling the differentiation of
different genospecies (Baranton and De Martino 2009). The targets are, for example,
the ospA gene (Rauter et al. 2002), the ospC gene (Wang et al. 1999b) or the spacer
region between 5S and 23S of the rRNA gene (Rijpkema et al. 1995). The method of
Rauter et al. (2002) can be employed to determine the clinically most relevant geno-

species (i.e. B. burgdorferi s.s., B. garinii, and B. afzelii) within a single PCR run.
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2.3.2 Rickettsia spp.

Rickettsial diseases, also known as rickettsioses, are caused by bacteria of the genus
Rickettsia within the family Rickettsiaceae. These intracellular bacteria are trans-

mitted by arthropods (Raoult and Roux 1997, Schex 2011).

2.3.2.1 Historical background

Some of the oldest known infectious agents belong to the genus Rickettsia, such as
Rickettsia prowazekii, the pathogen causing epidemic typhus. This disease is sus-
pected of being responsible for the Athens plaque during the fifth century BC (Raoult
and Roux 1997). In 1899, the first description of the Rocky Mountain spotted fever
(RMSF) was given (Maxey 1899), while its causative agent, Rickettsia rickettsii, was
reported some years later in wood ticks (Dermacentor occidentalis) by Ricketts
(1906, 1909). Definitive evidence that R. rickettsii is maintained by ticks was pro-
vided experimentally by Wolbach (1919). During the 20t century, R. rickettsii was
considered to be the only Rickettsia species in the Western hemisphere that was
pathogenic to humans (Parola et al. 2005). Although many other Rickettsia were de-
tected, these were considered as non-pathogenic (Raoult and Roux 1997, Raoult
2004). In Europe and Africa, R. conorii transmitted by the brown dog tick (Rhipiceph-
alus sanguineus) was considered to be the only agent causing tick-borne rick-
ettsioses (Parola et al. 2005). A similar situation is assumed for R. sibirica in the USSR

and China, as well as for R. australis in Australia (Raoult and Roux 1997).

In comparison to classical serology that might have hindered the corrected identifi-
cation of novel spotted fever group (SFG) rickettsioses, the advances in culture sys-
tems and molecular methods have greatly improved the identification process on
the basis of rickettsial DNA (Raoult and Roux 1997). Since 1984 many new emerging
tick-borne rickettsial diseases (TBRD) have been identified throughout the world
(Parola and Raoult 2001, Parola et al. 2005). Moreover, more recent findings in Eu-
rope and Asia on R. helvetica, which has been considered nonpathogenic since its
discovery in 1974 in Switzerland (Parola et al. 2005), show that this species is also

pathogenic to humans (Raoult 2004).
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Figure 2.13: Taxonomical overview of the Rickettsia spp. of veterinary or medical interest
with respect to Germany (cf. Sonenshine 2006, Benson et al. 2009, Schex 2011, Skuballa
2011, http://www.ncbi.nlm.nih.gov/taxonomy). The 4 Rickettsia groups are the typhus
group (TG), the transitional group (TRG), the spotted fever group (SFG) and the ancestral
group (AG).

In summary, highly significant developments have taken place in the field of rick-
ettsiology over the last 20 years, with many previously unrecognized or incom-
pletely described species of unknown pathogenicity being detected in or isolated
from ticks (Parola et al. 2005). So far, for most representatives only few epidemio-
logical data and only incomplete studies on their life cycle, possible vectors and their
reservoir hosts exist (Sprong et al. 2009). However, recent developments in rickett-
sial genetics have facilitated our understanding of Rickettsia taxonomy (see Section
2.3.2.2) and the functional characterization of potential virulence determinants(see

Section 2.3.2.7) (Sonenshine and Roe 2013a).

2.3.2.2 Systematics

Taxonomically Rickettsia are classified into the a-subdivision of the Proteobacteria,
belonging to the order Rickettsiales (Figure 2.13). This subdivision comprises nu-
merous pathogens of humans and animals, and includes the genera Anaplasma, Ehr-
lichia and Orientia, as well as several bacterial endosymbionts of invertebrates
(Sonenshine and Roe 2013a). The latter genus contains the scrub typhus rickettsiae

group, previously known as the tsutsugamushi group (Roux and Raoult 2000). In
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comparison to the other genera, the species within this group lack lipopolysaccha-

ride, peptidoglycan and a slime layer (Walker 1996).

The assignment of Rickettsia species to different groups has constantly changed with
increasing knowledge (Roux and Raoult 2000, Lipsker and Jaulhac 2009). Quite re-
cently, the complete sequencing of several rickettsial genomes has provided the ba-
sis for a phenotypic and genotypic classification of Rickettsia species (Raoult and
Roux 1997). This classification has replaced the classical one, which consisted of 3
groups (typhus, spotted fever and scrub typhus) based on phenotype and clinical
signs (Skuballa 2011). Currently, 4 groups are recognized (Sonenshine and Roe
2013a): (1) the large and strongly heterogeneous SFG containing the agent of RMSF;
(2) the smaller typhus group (TG), which includes the agent of flea-borne murine
typhus and louse-borne epidemic typhus; (3) a transitional group, which is based on
shared characteristics of the TG and the SFG; and (4) an ancestral group (AG) includ-
ing R. bellii and R. canadenesis differing from all other groups (Stothard et al. 1994,
Pacheco etal. 2011). To date, almost 300 species exist or have been proposed within

the SFG (Benson et al. 2009).

2.3.2.3 Morphology and genetic features

Rickettsiae are gram-negative bacteria that form spores. Most of them are very small
and have a round to oval shape with a diameter of 0.3 to 0.5 um and a length of 0.7
to 2.0 um (Hackstadt 1996). As shown in Figure 2.14, they consist of a translucent
zone, called the slime layer, which surrounds a trilaminar cell wall (Silverman et al.
1978). Only few variants of Rickettsia have been described as filamentous and long-
formed (Sonenshine and Roe 2013a). Rickettsiae live obligate intracellularly and in-
fest endothelial cells in small blood vessels. Because of their strict intracellular
growth, rickettsiae cannot be cultivated on agar plates or in broth, but only in viable
eukaryotic host cells (e.g., in cell culture, embryonated eggs, or susceptible animals)

(Walker 1996).
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Figure 2.14: Electron microcopy image of R. prowazekii, the etiologic agent of epidemic ty-
phus, also showing at detailed view of its outer envelope (from Silverman and Wisseman
1978).

The clinical picture of the two main groups of Rickettsia, the TG and the SFG, is clin-
ically not clearly distinguishable. However, the average genome sizes of the 4 groups
is different: 1.2 to 1.3 Mb in the SFG, 1.1 Mb in the TG, 1.2 to 1.5 Mb in the AG and
1.3 to 1.5 in the TRG (Sonenshine and Roe 2013a). Additionally, the groups SFG and
TG can be differentiated on the basis of the surface protein OmpA which is absent in
representatives of the TG, and by their vectors (Pérez-Osorio et al. 2008). For R. rick-
ettsii the rOmpA protein appears to play a key role in the initial adhesion to the host
cells (Li and Walker 1998). On the other hand, it has been demonstrated that the
rOmpB protein is the immunodominant species of surface protein antigen for most
of the rickettsiae, particularly of the SFG, underling its importance in rickettsial
pathogenesis (Roux and Raoult 2000). In this context, it has been shown that rOmpB

mediates the invasion of mammalian cells (Chan et al. 2009).

2.3.2.4 Transmission

The transmission of rickettsial diseases to humans is usually caused by chiggers,
fleas, lice, mites or ticks (Telford and Parola 2007). For this reason, the geographic
distributions of rickettsioses strongly depends on the infection rate, distribution

and biting preferences of the corresponding arthropods. For Rickettsia found in
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blood-feeding arthropods, e.g. in ixodid ticks, several transmission strategies, such
as vertical (i.e. transovarial and transstadial), horizontal and mixed transmission,
have been observed (Sonenshine and Roe 2013a). Transovarial transmission, for ex-
ample, takes place for Rickettsia species that are pathogenic to vertebrates (Azad
and Beard 1998), so that the pathogen is transmitted from female ticks to the larval
life history stage. Once an arthropod has been infected with Rickettsia, the bacteria
travel from the midgut to the salivary glands (Santos et al. 2002), from where the
infection can be transmitted horizontally to a vertebrate host and thus to other

blood-feeding arthropods (Sonenshine and Roe 2013a).

Initial studies have reported that SFG rickettsiae can be transmitted through at least
12 tick generations via transovarial transmission alone (Burgdorfer and Brinton
1975). In the case of rickettsiae that are mainly transmitted transovarially, ticks can
act as reservoir hosts and as vectors of the rickettsial infection (Vitale et al. 1989).
By this means, vertical pathogen transmission through all life history stages seems
to maintain the Rickettsia populations when the number of available vertebrates is
low (Munderloh and Kurtti 1995). Zanettii et al. (2008) observed 100% transovarial
transmission to all laid eggs, suggesting a coupled growth between SFG Rickettsia
and tick populations. However, some pairings of SFG Rickettsia and tick species do
not produces infected offspring (Baldridge et al. 2007). In this context, it is still un-
clear which mechanisms regulate successful transmission (Sonenshine and Roe

2013a).

In R. prowazekii, the epidemic typhus agent, a rather unusual form of transmission
has been observed (Azad and Beard 1998). R. prowazekii is pathogenic to its louse
hosts generally killing them within few weeks, such that no vertical transmission is
possible. Conversely, the pathogen seems to be better adapted to vertebrate hosts
and thus relies on horizontal transmission (Azad and Beard 1998). Unlike the SFG,
rickettsiae within the TG multiply in their arthropod vectors. They grow inside the

epithelial cells of the intestinal tract and are excreted in the feces (Perlman et al.
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2006). Thereafter, infections of humans with R. prowazekii occur via the dermis af-

ter scratching (Raoult and Roux 1997).

2.3.2.5 Epidemiology

Rickettsia species are widespread throughout the world. Their occurrence essen-
tially depends the distribution of the vectors. As obligate intracellular bacteria, Rick-
ettsia are transmitted from arthropods to vertebrates through saliva, feces, blood or

aerosol (Sonenshine and Roe 2013a).

In Germany at least 7 Rickettsia species occur indigenously: Rickettsia helvetica, R.
felis, R. monacensis, R. massiliae, R. raoultii, R. aeschlimannii and R. slovaca (Dobler
and Woélfel 2009, Parola et al. 2013). R. felis is transmitted primarily by fleas, while
R. slovaca and R. raoultii are primarily disseminated by Dermacentor ticks (Pluta et
al. 2009, 2010). R. aeschlimannii was detected in Hyalomma ticks collected from sev-
eral bird species (Parola et al. 2013). R. helvetica, R. monacensis and R. massiliae are
predominantly found in I ricinus (Simser et al. 2002, Parola et al. 2005), reaching
prevalences of almost 50% (Milhano et al. 2010). In comparison to arthropods, the
role that vertebrates play in the epidemiology of Rickettsia and how they contribute
to their maintenance is little known. Potential reservoir hosts include rodents, lago-
morphs, dogs and deer (Levin et al. 2011). Serological studies and direct detection
of Rickettsia in tissue samples have shown that wild animals often come into contact
with Rickettsia spp. (Smetanova et al. 2006, Stefanidesova et al. 2007, Selmi et al.
2009, Schex et al. 2011, Skuballa 2011, Overzier et al. 2013).

2.3.2.6 Pathogenesis and clinical symptoms

Rickettsiae cause human disease around the world (Walker 1996, Sonenshine and
Roe 2013a). In Europe, particularly in the southern regions, Rickettsia are viewed as
a growing health problem to humans (Ciceroni et al. 2006). During the years 1998
to 2002, 4604 clinical cases of MSF were described in Italy alone, of which 33 were

lethal. The detected agent was mainly R. conorii, the trigger of MSF (Ciceroni et al.
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2006). Other species such as R. helvetica seem to cause a milder disease in humans

(Ciceroni et al. 2006, Lipsker and Jaulhac 2009).

For more than 20 species of Rickettsia a human pathogenic potential has been
demonstrated (Parola et al. 2005). Depending on the Rickettsia species, the features
and the course of the disease can range from mild, asymptomatic to life-threatening
(Parola etal. 2005, Lipsker and Jaulhac 2009). Examples of diseases associated with
SFG Rickettsia are: Rocky Mountain spotted fever (RMSF) caused by R. rickettsii,
Mediterranean spotted fever (MSF) caused by R. conorii, Siberian tick typhus (R.
sibirica), Queensland tick fever (R. australis), Japanese spotted fever (R. japonica),
Flinders island spotted fever (R. honei), African tick-bite fever (R. africae) and tick-

borne lymphadenopathy caused by R. slovaca and R. raoultii.

The bacteria enter the human body via the skin, then traverse the blood vessel walls
and spread though the bloodstream. This spreading causes infection of the endothe-
lium and more seldom the vascular smooth muscle cells. Rickettsia enter the cells of
their host and reproduce by binary fission in the cytosol, thus damaging heavily par-
asitized cells directly (Walker 1996). Consequently, this behavior causes hyper-
plasia of the endothelial cells and thrombus formation leading to obstruction of
blood flow and the escape of red blood cells into the surrounding tissue. This leads
to a distinctive punctate bleeding from the fine capillaries in the skin or the mucous
membranes (Kimmig et al. 2010). When inflammatory cells follow into the tissue
papules can develop. The typical clinical sign of rickettsial infections, the eschar, is

caused by necrosis in the center of the papule.

2.3.2.7 Diagnosis

The clinical diagnosis of rickettsioses can be difficult, because of the rather unspe-
cific symptoms (e.g. fever, headache, nausea, vomiting, muscle aches, rash). Alt-
hough infections can be diagnosed by serological assays, [gM and IgG antibodies that
are reactive with Rickettsia could be hardly detectable during the first week of ill-

ness (Paddock et al. 1999). Immunofluorescence assays are not suited to distinguish
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between the Rickettsia species because of the existence of a strong antigenic cross-
reaction between the SFG and the TG (Ormsbee et al. 1978). Additionally, other se-
rodiagnostic tools are available, such as the Weil-Felix test, complement fixation
(CF) test, microagglutination, latex agglutination, ELISA and Western immunoblots

(La Scola and Raoult 1997).

A more sensitive and specific diagnosis of rickettsial infections can be achieved
through molecular analysis techniques. The analyzed material can be a tissue sam-
ple from an eschar or from any other possibly infected organ. For detection of rick-
ettsial DNA there are several commonly used genes, such as the citrate synthase
gene (gltA), the 16S rRNA gene, the genus specific 17-kDa antigen gene and the par-
tial outer membrane proteins A (ompB) and B (ompA) (Reif and Macaluso 2009).

2.3.2.8 Rickettsia helvetica

In 1979 this pathogen was discovered in the Switzerland (Burgdorfer et al. 1979)
and its original name "swiss agent" was proposed. This name was converted by Beati
etal. (1993) into R. helvetica. I. ricinus seems particularly involved in the epidemiol-
ogy of R. helvetica over the entire European continent (Hartelt et al. 2008) including
France, Germany, Italy, Portugal, Slovenia, Spain and Sweden (Sanogo et al. 2003,
Fernandez-Soto et al. 2004, Goodman et al. 2005, Oteo et al. 2006, Wolfel et al. 2006,
Dobler and Wélfel 2009), and in the north-west of Russia (Movila et al. 2011). Addi-
tionally, it has been shown that the distribution of R. helvetica could extend even
further, since Rickettsia isolates from I ovatus, I. persulcatus, and Ixodes monospi-
nosus ticks collected in Japan had a close resemblance with R. helvetica (Fournier et

al. 2002).

So far, insufficient information is available about the participation of other types of
ticks in the epidemiology of R. helvetica. Hornok et al. (2010) noted that not I. ricinus,
but Haemaphysalis inermis has the biggest vector potential for R. helvetica in their
study area in Hungary. In Croatia, R. helvetica was detected in 10% of Dermacentor

reticulatus (Dobec et al. 2009).
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Our current state of knowledge about possible reservoir hosts is still very incom-
plete. Epidemiological studies have shown that migratory birds represent reser-
voirs for R. helvetica and that they can spread infected ticks over long distances, even
onto islands (Elfving et al. 2010, Franke et al. 2010). Other vertebrate animals, in-
cluding lizards, also possess reservoir competence (Tijsse-Klasen et al. 2011).
Sprong et al. (2009) have found R. helvetica in the blood of mice, roe deer and wild

boar.

R. helvetica was considered non-pathogenic to humans for about 20 year after its
discovery. However, in Sweden R. helvetica was suspected of being involved in a case
of fatal perimyocarditis in a young patient (Nilsson et al. 1999), a case of sarcoidosis
(Nilsson et al. 2002), as well as a cases of febrile illness in France (Fournier et al.
2000, 2004). The latter infections were present during summer with fever, head-
ache, arthralgia and myalgia but without any signs of a cutaneous rash (Fournier et
al. 2004). Only quite recently, the human pathogenic potential, which has long been
suspected, was confirmed by direct isolation of the pathogen from a patient with
clinical signs of meningitis (Nilsson et al. 2010). However, there are only individual
descriptions of human infections with different symptoms, so that there is currently
no uniform picture of a disease (Fournier et al. 2000, Nilsson 2009). The extent to

which the disease appears in animals is currently also unknown (Boretti etal. 2009).
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3.1 Sampling methods

The collection of samples was carried out from August 2011 to February 2014 dur-
ing periods of perennial hunting activity. Roe deer and wild boar were culled from
January to October by hunting from a hide and from November to January by driven
hunts. For each sample, the acquisition date was recorded and the sample was as-
signed to one of the following six sampling periods: January/February (Jan/Feb),
March/April (Mar/Apr), May/June (May/Jun), July/August (Jul/Aug), Septem-
ber/October (Sep/Oct) and November/December (Nov/Dec).

3.1.1 Sampling area

The study took place in the Bienwald, a 10,275 ha state forest which is located in the
southwest of the federal state of Rhineland-Palatinate in Germany (see Figure 3.1).
The area is an irregular triangle lying between 48°59°0”N, 8°0’0”E and 49°7°0"N,
8°16’0”E (UTM) bordering France to the southwest along the river Lauter. The alti-
tude ranges from 105 m above sea level in the north to 130 m in the west. The Bien-
wald is the largest coherent forest area of the Upper-Rhenish Lowlands where it lies
on an alluvial fan landscape with numerous streams. Due to the geology of the Bien-
wald, there are also low hills ranging from 135 m a.s.l. at the border in the north, up
to 152 m in the east. These consist of alluvially deposited dune sands (Rheinland-

Pfalz Landesforsten 2015). Especially during winter, the soils in the west are rela-
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Figure 3.1: Map of the sampling area, the Bienwald, a 10275 ha state forest in Rhineland-
Palatinate, Germany. The image was generated with ArcMap 10.2.1 (by ESRI) from data pro-
vided by the Office for Surveying and Geographic Information (Landesamt fiir Vermessung
und Geobasisinformation), Rhineland-Palatinate, Germany.

tively wet, which is why the forest area is streaked by numerous channels for drain-
age into western tributary rivers of the Upper Rhine. During summer, many of these
channels dry out but some also carry water throughout the year. In particular, dur-
ing summer 2013 exceptionally high rainfall caused many parts of the western Bien-

wald to become waterlogged throughout the year.

Because of the small-scale habitat variation, sites of wet and dry, poor and rich soils,
the area provides a wide variety of biotope patches. The vegetation of the Bienwald
forest is composed of meadow forests (Alnus glutinosa), European ash (Fraxinus ex-
celsior), oaks (Quercus robur, Quercus petraea and Quercus rubra), common beeches
(Fagus sylvatica), hornbeams (Carpinus betulus) and pines (Pinus sylvestris). Pines
dominate (56%) on the poor sand soils of the talus river fans and occupy 48% of the
whole forest area, whereas deciduous trees amount to 44 %, especially oaks with
25%. Although the forest is mainly used for forestry, the area also contains undis-

turbed biotopes.
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Figure 3.2: Numbers of roe deer and wild boar culled in the Bienwald between 2004 and
2014 during all hunting activities. Data from Forstamt Bienwald, 2014, pers. comm.

The Bienwald is inhabited by roe deer and wild boar, but red deer cannot be consid-
ered as a permanent resident of the local fauna since only very few occasional sight-
ings have been reported. Recent estimations of the roe deer population density
show an average of 6.0 animals per ha (Ehrhart 2012) with a distinctly increasing
trend over the last decade (see Figure 3.2). To date, density estimations for the wild
boar population in the Bienwald have not been conducted and the high variance in
the hunting bags does not allow the identification of a clear population trend (see
Figure 3.2). However, the numbers of culled wild boar in Rhineland-Palatinate have

shown a vast increase over the last 30 years (see Section 2.1.2.2).

3.1.2 Hosts samples

For the studies presented in this thesis, organ samples were collected from roe deer
and wild boar (see Figure 3.3). Collection occurred during the disembowelment of
the animals no later than 60 min after the animal died. Tissue samples from the skin
of the ear tip, heart, lung, diaphragm, liver, spleen, kidney, and urinary bladder, hav-
ing a size of roughly 5 mm x 5 mm x 5 mm were collected. All organ samples were
stored in Eppendorf tubes and cryopreserved at -70 °C. Each of the tubes was

marked with the ear tag, which assigned a unique number to each animal, and an
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Figure 3.3: Sample acquisition during driven hunts. Information on ticks, hosts and patho-
gens for hunters (left) as well as organ and tick sampling from wild boar (center) and roe
deer (right).

abbreviation for the organ it contained. Moreover, from each animal two blood sam-
ples were collected, one in a serum tube and the second in an ethylenediaminetet-
raacetic acid (EDTA) tube, both labeled with the according ear tag. The blood sam-
ples have also been cryopreserved at -70 °C and are available for future investiga-

tion.

For each culled animal, the date of its sampling, its ear tag, species, sex, body mass
and age were determined and recorded. This affords inter alia the possibility of
drawing conclusions about the condition of the game animals. Body mass resulted
from the measurement of the animal’s carcass including the head without blood and
with the intestines removed. It was measured no later than 1 hour after culling. Age
was ascertained by analysis of the skulls and the individual dental abrasion, i.e. tooth
wear (cf. Mysterud and @stbye 2006a). The animals were grouped into three classes:
(1) game younger than 1 year, (2) yearlings and (3) individuals older than 2 years
(adults). Additional data referring to high infestation with other ecto- and/or endo-
parasites, e.g. deer ked (Lipoptena cervi) and lungworm (Metastrongylus apri), obvi-

ous injuries, pregnancy and status of lactation for female individuals were recorded.
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Figure 3.4: Tick collection from roe deer. Heavily infested skin areas were removed entirely
with knife or scalpel (top, Pictures: Senta Verena Muders). Engorged ticks (bottom) were
predominantly found on roe deer (see Section 4.1.1) (bottom left, Picture: Senta Verena
Muders; bottom right, Material: Senta Verena Muders, Picture: Prof. Dr. Urs Wyss, Kiel)

All data was directly recorded on a form at the time of the sample acquisition. The

form used for this purpose is provided in Appendix A.

3.1.3 Tick collection

Roe deer and wild boar were examined by palpation for ticks using latex gloves and
fine forceps (Figure 3.4). Ticks were preferably removed directly after culling, but
at the latest 60 min after the death to avoid effects of tick migration from the dead
hosts. Hence, refrigerated bodies were excluded from the examination. Removed
and loose ticks were stored directly in 70% ethanol in Eppendorf tubes. However,
when tick infestation was very high, loose ticks were collected and preserved in eth-
anol before removing the organs and/or organ parts (e.g. skin and ears) entirely (see

Figure 3.4). The highly tick infested skin parts and organs were stored in polythene
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(@) (b)

Figure 3.5: Schemata of (a) roe deer and (b) wild boar to record tick location and to detect
body regions preferred by ticks and different tick life history stages. Parts of the whole game
corpus are numbered from 1 to 8. The regions 7 and 8 include armpit and groin, respec-
tively.

bags and frozen at -20 °C. After removing all ticks from the cryoconservated skin
and organs, the ectoparasites were also stored in 70% ethanol. In addition to this, at

least two people swept the whole body of each animal for ticks, such that the prob-

ability of overlooking ticks was reduced as far as possible.

The body of the game animals was divided into regions numbered from 1 to 8 to
facilitate the determination of preferred attachment sites of ticks. As displayed in
Figure 3.5a and Figure 3.5b for roe deer and wild boar, respectively, the 8 regions
have been defined as follows: (1) ears, (2) head, (3) neck, (4) main body, i.e. torso,
(5) both front legs, (6) hind legs, (7) sternum including armpit and (8) abdomen
with groin. All ticks were sorted in accordance with the body region on which they
were found. The ticks from different body parts were preserved in separate tubes,
which were labeled with the corresponding number of the attachments site and the
ear tag of the host animal. Moreover, for each host the body regions that were in-

fested by ticks were directly recorded on the sampling form (see Table A.1).
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Afterwards, ticks were microscopically examined in the laboratory and determined
to species, stage of development, sex, status of mating and engorgement. Species
and age of the collected ticks was determined using the identification key of Hillyard
(1996) The amount of engorgement of the ticks was classified into five levels (0 =
loose and unengorged, 1 = attached and unengorged, 2 = attached and little en-

gorged, 3 = attached and medium engorged, 4 = attached and fully engorged).

3.1.4 Climate

The mean annual rainfall in the Bienwald is between 680 and 700 mm (during the
growing season from beginning of May to end of October: between 330 and
380 mm), and the average annual temperature is 10 °C (during the growing season
16.5 °C). Climatic data were recorded during the sampling period for every hunting
day. This was provided by the German Meteorological Service (Deutscher Wetter-
dienst), and included cloud coverage (ranging from 1 to 8, whereby 1 = slight cover-
age and 8 = high coverage), relative humidity [%], air pressure [hPa], wind speed
[m/sec], precipitation depth [mm], sunshine duration [h], snow height [cm], mini-
mum air temperature 5 cm above the ground [°C], as well as minimum, maximum
and mean daily air temperature 2m above the ground [°C]. All of this information
was acquired at weather station number 4177 in Rheinstetten, Germany, which is
located close to the Bienwald. From the daily mean air temperature (T) and the daily
mean relative humidity (RH) the saturation deficit was calculated in accordance
with Randolph and Storey (1999) and Perret et al. (2000) by the following empirical

formula:

SAD = (1 — RH/100) - 4.9463 - 00621

where SAD reflects the saturation deficit in millimeters of mercury, while T and RH
are given in degree Celsius and percent, respectively. The saturation deficit is a
measure of the drying power of the atmosphere (Randolph and Storey 1999, Perret
et al. 2003). The precipitation depths and the average air temperatures for each

sampling period are depicted in Figure 3.6.
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Figure 3.6: Average air temperature (line plot) and precipitation depth (bar plot) for each
sampling period of the study.

3.2  Microbiological methods

The Sections 3.2.1 to 3.2.4 provide a general introduction to microbiological meth-
ods (i.e. nucleic acid extraction, polymerase chain reaction, agarose gel electropho-
resis, and sequencing). Sections 3.2.5 and 3.2.6 describe the specific analyses that
were used for Borrelia and Rickettsia detection. A detailed overview of the devices
used and consumables is given in Appendix C, while the solutions and buffers used

are listed in Appendix D.

3.2.1 Nucleic acid extraction from organ samples

The DNA isolation from organ samples was carried out using Maxwell® 16 Tissue
DNA Purification Kits (Promega, Madison, WI, USA) with an automated DNA extrac-
tion device, the Maxwell® 16 system (Promega, Madison, W1, USA). This system con-
sists of the pre-programmed device and prefilled reagent cartridges, which contain
all required elements for nucleic acid extraction (i.e. prefilled buffers) as well as
MagneSil® paramagnetic particles (PMPs). The silica particles are negatively
charged quartz crystals, i.e. silicon dioxide (SiOz) (Herrmann 2012a). The principle
is based on the release of nucleic acids from the sample using a lysis buffer with high
salt concentration, i.e. guanidine isothiocyanate. The high salt concentration and the
low pH-value causes a reversible binding of DNA/RNA with the negatively charged,
magnetic silica particles. Existing polysaccharides and proteins are unable to bind
to the silica particles and are removed by repeat cleaning (i.e. washing) steps using

awashing buffer with high salt concentration. At the end of the extraction, DNA/RNA
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Figure 3.7: Maxwell® 16 DNA Purification Cartridge (left): well 1 contains the lysis buffer
and the sample, well 2 contains the MagneSil® particles and wells 3 to 7 contain washing
buffers. Sterile workbench (right) used to cut and transfer organs samples (2x2x2 mm) into
the cartridges.

is dissolved from the PMPs by the use of an elution buffer with a low salt concentra-

tion and is present in solution (Herrmann, 2012a, unpublished; Skuballa, 2011).

Areagent cartridge of the Maxwell 16 system has 7 wells (see Figure 3.7). In a single
run 16 samples can be processed simultaneously. The first well contains the lysis
buffer and the sample material, which is crushed and dissolved by a magnetic
plunger. Thereafter, PMPs (MagneSil®) inside the second well bind to the plunger
and are transferred to the first well, such that the DNA can bind to the particles. After
the PMPs have bound the source material, the plunger transfers the samples into the
other wells of the cartridge (wells 3 to 7) for lysis and cleaning to remove bound
contaminants (Herrmann 2012a). The purified and isolated DNA is transferred into
an elution vial, which contains the elution buffer, a buffer with low salt concentra-
tion. Before the start of the purification, 250 ul of the elution buffer was prepared in
the elution vial. Due to heating and the low salinity of this buffer, the DNA is again
released from the silica particles. Then, the isolated DNA can be transferred into
prepared 0.5 ml Eppendorf tubes. Traces of the black silica particles in the purified
samples do not affect the following reactions (Herrmann 2012a). However, the elu-

ates were centrifuged at 5 °C for 3 min with 16,000 g to keep these residues as low
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as possible, before they were analyzed by PCR or cryopreserved at -70 °C. The entire

purification process took about 45 min.

For the extraction of Borrelia spp. and Rickettsia spp. DNA two pools of tissue sam-
ples per animal were investigated. One pool contained a part (2x2x2 mm) of the skin
(i.e. the ear), while the other consisted of tissue pieces (2x2x2 mm) from the heart,
lung, diaphragm, kidney, liver, urinary bladder and spleen. Cutting of the tissue sam-
ples was performed under sterile conditions (see Figure 3.7). The first pool was de-
noted as P1 and the second pool as P2. A single cartridge was used per pool. Since
the maximum inserted tissue material should not exceed 50 mg according to the
manufacturer's instructions, the 2x2x2 mm tissue pieces of the pooled organ sam-
ples were finely crushed using a plastic pestle before they were inserted into the

cartridges.

3.2.2 Nucleic acid extraction from tick samples

Ticks were investigated individually and homogenized in phosphate buffered saline
using the NucliSENS® easyMag® system (bioMérieux Inc., Durham, NC, USA) to ex-
tract bacteria DNA. By the automatic addition of a chaotropic buffer, the lysis buffer,
nucleic acids are released and are able to precipitate onto magnetic silica particles.
Then, several cleaning steps take place to remove polysaccharides and proteins, as
well as bonded impurities. For this step extraction buffers are used. Finally, the silica
particles and the DNA are separated by an elution buffer of low salinity (Herrmann,

2012b, unpublished).

During the DNA purification by silica particles using the easyMag® system up to 24
samples can be processed simultaneously in three specimen strips with each having
eight individual sample vessels. The device detects how many samples need to be
processed using a barcode (Herrmann, 2012b). From the supernatant of the homog-
enized tick samples 100 pl was pipetted into the vessels and introduced into the
easyMag®. After the barcodes were scanned, a new run was created specifying the

sample type, the amount of inserted sample material (100 ul), and the desired
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amount of eluate (50 pl), as well as a caption for each sample. Then, the lysis buffer
was automatically added to the samples. Meanwhile, the silica particles were pre-
pared and diluted with nuclease-free H20 with a ratio of 1 to 2, such that for 8 sam-
ples 550 pl silica and 550 pl H20 are needed. After lysis, 8 times 125 pl of the silica
solution was prepared in a microtiter plate using the electronic Biohit eLINE® pi-
pette (Biohit Oyj, Helsinki, Finland) programmed for the easyMag®. Then, 100 pl
were recorded with each of the 8 tips of the pipette, transferred into the sample-
lysis mixture and mixed (Herrmann, 2012b). Once the silica particles were added to
the sample the purification could start and run in accordance with the principle de-
scribed above. Finally, the eluates were transferred into prepared 0.5 ml Eppendorf
tubes and centrifuged at 5 °C for 3 min with 16,000 g before they were analyzed by
PCR.

3.2.3 Polymerase chain reaction

The polymerase chain reaction (PCR) was applied to detect infections of the B.
burgdorferi s.l. complex and of Rickettsia spp. in the organ and tick samples. PCR
replicates in several steps specific nucleic acid sequences that exist only in small
quantities within the sample. For the PCR a sequence-specific, complementary oli-
gonucleotide pair (forward and reverse primer), a thermostable DNA polymerase
and a mix of the 4 nucleotides, adenine (A), thymine (T), guanine (G) and cytosine
(C) are required. The primers have a length of 16 to 24 base pairs and are selected
such that the target sequence is located between them. The PCR is performed in a
thermocycler, which is able to change the temperature of the reaction block very
quickly. Different temperatures are necessary to denature the DNA (formation of
single-stranded DNA at 95 °C), then to allow the accumulation of the primers (an-
nealing at 50-65 °C), and finally to ensure the elongation of the primers along the
DNA matrix to a new daughter strain (temperature optimum of DNA polymerase at
72 °C). During annealing the forward primer binds to the 5‘ end of the single-
stranded DNA (ssDNA, while the reverse primer attaches to the 3’ end of the ssDNA.
The 3-step procedure (denaturation, annealing and elongation) represents a so-

called PCR cycle and is repeated 30 to 40 times. During each cycle, the DNA section
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between the primers doubles ideally, such that the obtained products are exact cop-
ies of the originally targeted DNA section. The cyclic repetition results in an expo-
nential increase of DNA fragments (2", where n is the number cycles), whereby the
overall reaction process takes about 1 to 2 hours. By means of this method, even the

slightest traces of DNA can be detected and made accessible for diagnostic purposes.

In addition, the sensitivity and specificity of a PCR can be increased through a so-
called nested PCR, which consists of 2 nested PCR responses. In the first run of the
PCR a large product is formed, which is used as a template for the second run. The
second PCR then reproduces a DNA sequence, which lies within the amplification
product of the first PCR. The primers of the second PCR are chosen so that they lie
completely within the first amplification product. One speaks of a semi-nested or
half nested PCR, when only one primer of the second reaction lies within the ampli-

fied region and a primer of the first reaction is reused during the second run.

However, the high sensitivity of the PCR induces a large risk of contamination. To
avoid contamination, all PCRs were carried out in compliance with the following

safety aspects:

e The DNA preparation, the creation of the PCR master mix, the addition of puri-
fied DNA to the individual PCR vessels and the implementation of the PCR were
carried out spatially separated.

e All pipetting steps were carried out on a sterile workbench with sterile pipettes.

e Overnight, the work areas were irradiated by UV light to destroy any residual
DNA.

¢ To minimize false-positive results all tests included negative controls (NCs) con-
sisting of sterile H20bidest that was treated in the same way as the samples.

e Each test run included at least one positive control (PC).
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3.2.4 Real-time PCR

Another reproduction method for nucleic acids is the real-time PCR (RT-PCR) or
real-time quantitative PCR. These methods are based on the principle of conven-
tional PCR, but allow the detection of positive samples during the PCR run through
fluorescent dyes. This eliminates the detection of PCR products using gel electro-
phoresis and reduces the risk of contamination. Another advantage of real-time PCR
in comparison to PCR on the thermocycler is the shorter detection times and thus
the time saving. There exist different fluorescence detection systems. One way for
the detection of PCR products is the use of DNA intercalating dyes (e.g. SYBR Green
or ethidium bromide). In addition, sequence-specific probes marked with fluores-
cent dyes can be used. These exploit the energy transfer between 2 fluorophores,
known as fluorescence resonance energy transfer or Forster resonance energy
transfer (FRET). The following sections will explain the use of various fluorescent

probes using the LightCycler® (Roche Diagnostics, Mannheim, Germany).

3.2.4.1 Real-time PCR using the LightCycler®

In contrast to conventional PCR, on the LightCycler® the PCR reaction takes place in
glass capillaries (length: 45 mm; diameter: 1.55 mm), which are transported by a
step motor, are translucent, allow a uniform temperature distribution, as well as
higher heating and cooling rates, and thus shorten the overall reaction time. The
template DNA is prepared with the PCR master mix in the capillaries, which reside
in a ring, the so-called carousel. In the LightCycler® 32 samples can be examined
simultaneously. In addition to the primers, sequence-specific fluorescence-labeled
probes are used, which hybridize with the PCR products. The detection of the PCR
products is not carried out by visualization of PCR fragments on an agarose gel, but
by means of fluorescence, which is measured after each cycle and is dependent on
the amount of product formed. The fluorescence measurement uses a system of fil-
ters and mirrors with a photometric diode and is carried out at a wavelength of 530
nm. The total procedure is a one-phase PCR, whereby the risk of contamination is

significantly reduced by eliminating the gel electrophoresis. Another advantage of
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Figure 3.8: Reaction process of hybridization probes. Donor and acceptor hybridize to adja-
cent regions on the target DNA in close proximity (top). During FRET, the donor is excited
by an external light source, its energy is transferred to the acceptor and the excited acceptor
emits light, which can be detected and measured (bottom). Image from www.eurofinsge-
nomics.eu, 2015.

the LightCycler® is that the formation of the PCR products can be directly traced on
the connected computer display (Skuballa 2011) and thus allows relatively quick
sample diagnosis. The analysis of the PCR is based on threshold cycle (C7). This
value specifies the first reaction cycle, after which the fluorescence significantly

raises above the background value (Applied Biosystems 2010).

The sequence-specific fluorescence detection method used for the visualization of
the amplification employs probes that are marked with fluorescence dyes. Fluores-
cent probes are sequence-specific and complementary to the target sequence.
Therefore, non-specific amplificates are not detected. There exist different types of

FRET probes, such as hybridization probes and TagMan® probes.

3.2.4.2 Hybridization probes

The two fluorescent dyes of hybridization probes are separated onto two different
oligonucleotides: (1) the donor probe, also known as the anchor probe and (2) the
acceptor probe, also called the sensor probe. They bind during the annealing phase
to the complementary strand of the PCR product formed between the primers. Sam-
ples containing the target sequence, bind anchor and sensor probe in close proxim-
ity (distance < 5 base pairs). Upon excitation from a light source, the sensor probe
emits a light signal of 530 nm that stimulates the dye of the anchor probe and leads
to the emission of a second signal (640 or 705 nm), which is measured by the detec-
tors of the LightCycler®. The FRET can only take place when the binding of the

probes occurs in close proximity (see Figure 3.8). This prevents the stimulation of
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Figure 3.9: Reaction process of the TagMan® probe. The probe is bound to the target DNA
and is separated by the exonuclease activity of the Taqg polymerase (Polymerization/Strand
displacement), quencher and reporter are separated (Cleavage) and the fluorescence of the
reporter can be measured by the LightCycler® (Polymerization completed). Image from
Applied Biosystems (2010).

free probes and thus an incorrect determination. Since more amplificates are pro-
duced with increasing number of cycles, more probes can bind and the fluorescence
intensity increases proportionally to the amount of the resulting PCR product. Fluo-
rescence measuring is performed at the end of the annealing step of each PCR cycle.
Hybridization probes can also be used for genotyping of samples that are marked

with different fluorescent dyes.

3.2.4.3 TaqMan® probes

TagMan® probes (see Figure 3.9), also known as hydrolysis probes, provide a way
to detect only a specific DNS product during the PCR. They are short pieces of DNA
that hybridize with a middle region of the template DNA. TagMan® probes have a

reporter fluorescent dye (R) (equivalent to donor fluorochromes) on one end and a

83



Materials and Methods - Microbiological methods

quencher (Q) on the other end. Quencher are molecules that intercept the fluores-
cence of dyes in their vicinity. In addition to its polymerase activity, the Taq poly-
merase of the PCR premix has a 5'-3' exonuclease activity making the breaking down
of the TagMan® probes possible. Once the polymerase cleaves the probe bound to
the target sequence during the synthesis of the complementary strand on the 5' end,
the quencher and reporter move away from each other, so that the reporter is able
to fluoresce freely. The fluorescence, which depends on the amount of amplification
product, is measured by the detectors of the LightCycler®. The fluorescence meas-
urement takes place at the end of the elongation phase (Holzapfel and Wickert
2007). By this means, the fluorescence of the reporter is only measurable when the
polymerase has actually copied the desired DNA strand. Each released molecule of
reporter dye corresponds to a produced DNA strand and therefore can be employed
to measure the amount of copied DNA. Consequently, TagMan® probes allow the

detection of amplificates as well as their quantification.

3.2.5 Specific detection of Borrelia spp.

For specific detection of B. burgdorferi s.. in tissue 2 different PCR systems were
used. For the first analysis a LightCycler® PCR (LC-PCR) was carried out targeting
the ospA gene (OspA-PCR) (Rauter et al. 2002). A more time-consuming and more
sensitive semi-nested PCR based on the method of Rijpkema et al. (1995) targeting
the spacer region between 5S and 23S rRNA (5S23S rDNA-PCR) was carried out on
the on the GeneAmp® thermocycler to verify positive LC-PCR results. The amplifica-
tion products were investigated by gel electrophoresis in an agarose gel. For the
negative control (NC) nuclease-free water and for the positive control (PC) a dilution
of B. burgdorferi s.1. was used. Ticks samples were investigated for Borrelia spp. us-
ing only the LightCycler® method. Due to financial limitations, the Borrelia genospe-

cies was not determined for any of the samples.

3.2.5.1 OspA-PCR on the LightCycler®

The OspA-PCR uses hybridization probes to detect B. burgdorferi s.l. (Rauter et al.

2002) and was applied to all samples in the present work. After denaturation of the
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Figure 3.10: OspA-PCR primer and probe in the LightCycler®. The forward primer (OspA
iLC) labeled with LC Red 640 and the fluorescein-labeled probe (Probe Ba2) bind to the first
DNA strand. Their proximity induces LC Red 640 fluorescence by FRET. Adapted from
Rauter et al. (2002).

double-stranded DNA to single strands, the forward primer (OspA ilC), which is
marked with a LC red 640 probe (anchor probe), and the reverse of primer (OspA
as) accumulate on the complementary sequences during the annealing phase (see
Figure 3.10A). The polymerase will then synthesize the complementary strands. The
sensor probe (Probe Ba2) is labelled with fluorescein and has its target sequence in
the immediate vicinity of the anchor probe. During the following cycles of the PCR,
the presence of Borrelia DNA leads to a spatial convergence of the sensor probe to
the DNA strands that have been marked with LC red 640. The LC red 640 dye emits
light at a wavelength of 640 nm, which is detected by the LightCycler® (see Figure
3.10B). The fluorescence signal is measured at the end of each annealing phase and

increases with the PCR product formation in an exponential way (cf. Section 3.2.4.2).

Primers and probes of the OspA-PCR are given in Table 3.1. The corresponding pi-
petting scheme and the temperature profile are shown in Tables 3.2 and 3.3, respec-
tively. MgClz, H20, and the enzyme mix were taken as components of the Light-
Cycler® DNA Master HybProbe kit (LC-Kit). The prefabricated enzyme mix includes
a DNA polymerase (Taq), a reaction buffer, 10 mM MgCl: as well as a ANTP mix with
dUTP instead of dTTP.
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Table 3.1: Primers and probes of the OspA-PCR on the LightCycler® for Borrelia spp.

Primer / Probe Sequence (5’ to 3’)
forward primer & probe OspAiLC 5°-AgCCTTAATAgCATgYAAgCAAAA®X Tg-3
reverse primer OspA as 5°-CTAgTgTTTTgCCATCTTCTTTgAAAA-3"

probe OspA Sensor Ba2 5'-gCgCTgTTTTTTTCATCAAggCTgCTAACLX-3

®X'=LC Red 640-labeled base. £¥X= fluorescein-labeled base

Table 3.2: Pipetting scheme of the = Table 3.3: Temperature profile of the OspA-PCR for

OspA-PCR for Borrelia spp. the detection of Borrelia spp.
Reagent Amount Temp. Time  Temp. No.
(°C) (sec) change cycles
H20 8.8 ul (°C/seq)
OspAas (5 pmol/ul) 2yl Denaturation
OspA ilc (10 pmol/ul) 1l 95 30 20 1
OspA Ba2 (10 pmol/pl) 1l Amplification
MgCI2 (25 mM) 3.2l Denaturation 95 1 20 60
f(‘igyme mix (from LC-— ) Annealing 57 10 20 60
Sample DNA 2.l Elongation 72 13 20 60
Total 20 ul Cooling
40 30 20 1

This PCR protocol also allows the detection of several species of the B. burgdorferi
s.l. complex by the creation of a melting curve following the amplification of the PCR
product (Rauter et al. 2002, Skuballa 2011). However, Borrelia infections were not

determined up to the genospecies in this thesis.

3.2.5.2 Semi-nested 5523S rDNA-PCR

Extracted DNA from organ pools that positively during the LC-PCR were tested by
5S23S rDNA-PCR on the thermocycler in accordance with (Rijpkema et al. 1995) to
avoid false positives. The target sequence of this semi-nested PCR is the intergenic
spacer 2 (IS2), which is located between the 5S rRNA gene and the 23S rRNA gene.
The first PCR run uses the forward primer 23SN1 and the reverse primer 23SC1 to
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Table 3.4: Primers of the semi-nested 5523S rDNA-PCR for the detection of Borrelia spp.

Primer / Probe Sequence (5’ to 3’)
forward primer 15t PCR run 23SN1 5’-ACCATAGACTCTTATTACTTTGAC-3’
reverse primer 15t PCR run 23SC1 5’-TAAGCTGACTAATACTAATTACCC-3’
forward primer 2st PCR run 23SN2 5’-ACCATAGACTCTTATTACTTTGACCA-3’
reverse primer 25t PCR run 5SCB 5’-GAGAGTAGGTTATTGCCAGGG-3’

amplify a relatively long DNA piece of 380 bp, which is used as a source for the sec-
ond run. The second PCR used the forward primer 23SN2, which is indented by
128 bp, and the reverse primer 5SCB (Table 3.4). The resulting PCR product has a
length of 226 bp (Skuballa 2011). To each PCR run prepared DNA of the Borrelia
strain B31 was added as positive control. This method has been applied by Oehme
etal. (2002).

To prevent contamination with the amplificates of the nested PCR, the dUTPs were
partially replaced by dNTPs. In the first cycle of the nested PCR a digestion step with
uracil-DNA glycosylase (UDG) was integrated upstream. This enzyme causes inter-
faces on the DNA with the built-in uracil. As a result, the DNA which has built-in
dTTPs instead of dUTPs can no longer by amplified. The pipetting schemes and tem-

perature profiles are presented in Tables 3.5 and 3.6, respectively.

3.2.5.3 Detection of PCR products in Agarose gel

An agarose gel electrophoresis was used to detect the PCR amplification products
obtained on the thermocycler. The amplificates are separated in an electric field ac-
cording to their base size. Therefore, the amplified DNA is applied to a gel situated
in an ionic buffer solution. The separation of the DNA occurs in an electrophoresis
chamber, where the negatively charged, double-stranded DNA (dsDNA) fragments
move in the electric field to the positive pole. The separation was carried out at a
voltage of about 90 V for approximately 30 min. The differing movement of the DNA
fragments through the agarose gel, which acts like a sieve, depends on the size of the

molecules. The smaller the nucleobases are, the faster they move through the pores
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Table 3.5: Pipetting schemes for the 1st and 21d run of the semi-nested 5523S rDNA-PCR
for the detection of Borrelia spp.

1st PCR run 25tPCR run
Reagent Amount Reagent Amount

10 x Buffer 5ul 10 x Buffer 5ul
MgCl; (25mM) 5ul MgClz (25mM) 5ul
dNTP Mix (1 mM je dNTP) 10 ul dNTP Mix (1 mM je dNTP)* 10 ul
Tris HCL (300 mM) 6.7 ul Tris HCL (300 mM) 6.7 ul
23SN1 (6 pmol) 5ul 23SN2 (6 pmol) 5ul
23SC1 (6 pmol) 5ul 5SCB (6 pmol) 5ul
Nuclease-free H20 8ul Nuclease-free H20 11l
AmpliTaq® (5 U/ul) 0.3 ul AmpliTaq® (5 U/ul) 0.3 ul

Uracil-DNA glycosylase (1 U/pl) 0.5 ul
Sample DNA 5ul DNA of the 1st PCR run 1.5 ul
Total 50 pul Total 50 pul

*dTTP : dUTP at aratio of 4 to 1

of the gel. Thus, larger fragments remain closer to the top of the gel. The in-gel eth-
idium bromide (EthBr) intercalates with the double strands of DNA making possible
their detection by excitation with ultraviolet (UV) light.

This allows the detection of single DNA fragments by fluoresces when the EthBr is
exited with UV light. In addition to the PCR products, a defined marker (100 bp lad-
der) was applied to compare the DNA fragments with the length standard. The
marker contains an 800 bp fragment with twice the intensity of the other bands. The
bottom line is located at a size of 100 bp. In a 1.5% agarose gel 20 bands with a step-
size of 100 bp emerge. Consequently, a precise determination of the size of DNA
fragments between 100 and 2000 bp length is possible. Furthermore, a positive con-
trol, which must have a band in accordance with the amplified DNA fragment, was

always used.

For the specific detection of amplification products of semi-nested Borrelia PCR (5S-

23S rDNA fragments) a 1.5% agarose gel was prepared and loaded as follows:
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Table 3.6: Temperature profiles of the semi-nested 5523S rDNA-PCR for the detection of
Borrelia spp.

1st PCR run 2stPCR run
Temp. (°C) Time Ngl'ecsy- Tzeor(r:l)p ) Time N:l'ecsy-

Denaturation / Decontamination

94 1.5 min. 1 37 4 min. 1

96 2 min. 1

Amplification
Denaturation 94 20 sec. 35 94 20 sec. 35
Annealing 52 30 sec. 35 55 30 sec. 35
Elongation 72 40 sec. 35 72 40 sec. 35
Final Elongation 72 5 min. 1 72 5 min. 1
Cooling

4 o) 1 4 oo 1

Mix of 0.75 g agarose with 50 ml of TBE buffer (1x) in a glass flask,

bring to a boil twice on a hotplate under constant stirring,

cool down to approximately 50 °C,

add 10 pl of a 0.1% ethidium bromide solution,

pour liquid gel into a specific gel chamber equipped with combs to form slots,
e wait approximately 20 min until polymerized,

¢ put polymerized gel in an electrophoresis chamber filled with TAE buffer (1x),
o fill the slots with 8 pl PCR product and 2 pl loading buffer,

¢ and apply the marker (100 Base Pair ladder) and the positive control.

3.2.6 Specific detection of Rickettsia spp.

Infections with Rickettsia spp. in host organs and ticks were analyzed with the real-
time TagMan® real-time PCR protocol of Wolfel et al. (2008) using the LightCycler®
targeting the gitA gene (Pluta et al. 2010, Pluta 2011). To avoid false-positive Rick-
ettsia spp. results from the real-time PCR, two additional PCRs were performed on

the thermocycler for those samples that showed positive on the LightCycler®. The
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Table 3.7: Primers and probe of the gltA-PCR on the LightCycler® for the detection of Rick-
ettsia spp.

Primer / Probe Sequence (5’ to 3’)
forward primer PanRick gltA 2 for 5'-ATAggACAACCETTTATTT-3'
reverse primer PanRick gltA2rev  5'-CAAACATCATATgCAgAAA-3'
TagMan® probe  PanRick gltA taq 5-6FAM-CCTgATAATTCgTTAgATTTTACCg-TMR-3’

first PCR targeted the rOmpA gene (ompA) following the method of (Roux and Raoult
2000). The second PCR targeted the citrate synthase gene (gltA) using primers from
Nilsson et al. (1999). The temperature profiles and pipetting schemes were in ac-
cordance with Hartelt et al. (2004). The detection of the PCR amplification produc-
tion from the thermocycler was carried out on an agarose gel electrophoresis (see

Section 3.2.5.3).

3.2.6.1 gltA-PCR on the LightCycler®

The gltA-PCR on the LightCycler® used a TagMan® probe (see Section 3.2.4.3) and 2
primers, which amplified a 70 bp region of the citrate synthase gene (gltA). PanRick
gltA 2 for was used as forward primer, PanRick gltA 2 rev was the reverse primer
and PanRick gltA taq the employed probe (Table 3.7). Each PCR run used purified of
Rickettsia rickettsii (Dr. Kathrin Hartelt, Landesgesundheitsamt Baden-Wiirttem-
berg) as positive control and H20 as a negative control. The pipetting scheme em-
ployed and the temperature profile are displayed in Tables 3.8 and 3.9, respectively.
This PCR method has also been used in other studies for the investigation of ticks

(Pluta etal. 2010, Pluta 2011).

3.2.6.2 rOmpA-PCR on the thermocycler

This PCR protocol targets the rOmpA gene, a sequence of 532 bp. This gene encodes
the rickettsial outer membrane protein (Roux and Raoult 2000). The purified DNA
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Table 3.8: Pipetting scheme of the Table 3.9: Temperature profile of the gltA-PCR
gltA-PCR for Rickettsia spp. for the detection of Rickettsia spp.

Reagent Amount Temp. Time Temp. No.
(°Q) (sec) change cy-
(°C/sec) cles

PanRick gltA 2 for (5 pmol/ul) 2ul

PanRick gltA 2 rev (5 pmol/pl) 2ul

Denaturation
PanRick gltA taq (4 pmol/ul) 1ul 94 60 20 1
MgClz (25 mM) Leul  amplification
Hz0 6.4 ul Denaturation 94 4 20 50
Enzyme mix (from LC-Kit) 2yl Annealing 55 45 20 50
Sample DNA Sul Elongation 72 30 20 50
Total 20 pl Cooling
40 30 20 1

Table 3.10: Primers of the rOmpA-PCR (top), the rOmpB-PCR (middle) and the gltA-PCR
(bottom) on the thermocycler for the detection of Rickettsia spp.

Primer / Probe Sequence (5’ to 3’)
forward primer rOmpA-PCR  Rr190.70p 5’-ATGGCGAATATTTCTCCAAAA-3’
reverse primer rOmpA-PCR  Rr190.602n 5’-AGTGCAGCATTCGCTCCCCCT-3’
forward primer rOmpB-PCR  120-2788 5’-AAACAATAATCAAGGTACTGT-3’
reverse primer rOmpB-PCR  120-3599 5-TACTTCCGGTTACAGCAAAGT-3’
forward primer gltA-PCR RH314 5’-AAACAGGTTGCTCATCATTC-3’
reverse primer gltA-PCR RH654 5’-AGAGCATTTTTTATTATTGG-3’

of Rickettsia monacensis (Dr. Kathrin Hartelt, Landesgesundheitsamt Baden-Wiirt-
temberg, Stuttgart) was used as a positive control. The primers employed are shown
in Table 3.10 and the pipetting scheme and the temperature profile used are shown

in Tables 3.11 and 3.12, respectively.

3.2.6.3 gltA-PCR on the thermocycler

This PCR method amplifies a target sequence of 341 bp using the primers from

(Nilsson et al. 1999). The temperature profile and the pipetting scheme were
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Table 3.11: Pipetting schemes for the rOmpA-PCR (left), rOmpB-PCR (center) and gltA-PCR
(right) on the thermocycler for the detection of Rickettsia spp.

rOmpA-PCR rOmpB-PCR gltA-PCR
Reagent Vol. Reagent Vol. Reagent Vol.
10 x Buffer 5ul Nuclease-free H20 8ul 10 x Buffer 5ul
MgClz (2 mM) 5ul 10 x Buffer 5ul MgClz (2.5 mM) 5ul
dNTP Mix (200 pM) 10 ul MgCl2 (2.5 mM) 5ul dNTP Mix (200 uM) 10 pl
Tris HCL (40.2 mM, pH9) 6.7 ul  dNTP Mix(1 mM) 10 ul  Tris HCL (40.2 mM, pH9) 6.7 ul
Rr190.70p (0.5 uM) 5pl Tris HCL (40.2 mM,pH9) 6.7 ul RH314 (0.5 uM) 5pl
Rr190.602n (0.5 uM) S5ul 120-2788 (5 uM) 5ul RH654 (0.5 uM) 5ul
Nuclease-free H,0 8ul 120-3599 (5 uM) 5ul Nuclease-free H:0 11 pl
AmpliTaq® (1.5 units) 0.3 ul AmpliTaq® (1.5 units) 0.3 ul AmpliTaq® (1.5 units) 0.3 pl
Sample DNA 5pul Sample DNA 5ul Sample DNA 1.5l
Total 50 ul Total 50 pul Total 50 ul

Table 3.12: Temperature profiles of the rOmpA-PCR (left), rOmpB-PCR (center) and gltA-
PCR (right) on the thermocycler for the detection of Rickettsia spp.

rOmpA-PCR rOmpB-PCR gltA-PCR
Temp. Time Temp. Time Temp. Time
C) (sec) cycles C) (sec) cycles C) (sec) cycles

Denaturation

95 180 1 94 180 1 95 180 1
Amplification
Denaturation 95 20 35 95 30 40 95 30 35
Annealing 60 30 35 50 30 40 54 30 35
Elongation 72 60 35 68 90 40 72 45 35
Final Elongation 72 300 1 68 420 1 72 300 1
Cooling

4 o 1 4 ) 1 4 o] 1

adopted from (Hartelt et al. 2004). As positive control purified DNA of Rickettsia hel-
vetica and R. monacensis (Dr. Kathrin Hartelt, Landesgesundheitsamt Baden-Wiirt-
temberg, Stuttgart) was used. The primers used are shown in Table 3.10, while Ta-
bles 3.11 and 3.12 show the pipetting scheme and the temperature profile of the
gltA-PCR, respectively.
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Table 3.13: Pipetting scheme for the Rickettsia
DNA-sequencing.

Reagent Amount
BigDye Seq. Puffer (5 x) 2wl
Primer (5 pmol/pl) 2ul
H20 10 pl
BigDye (v 1.1) Mix 4 ul
DNA Template (purified) 2ul
Total 20 ul

3.2.6.4 Sequencing of Rickettsia spp.

From the PCR tick samples that tested positive, 83 were randomly selected and in-
vestigated to determine the species of Rickettsia present. The analyzed tick samples
were all from roe deer. Therefore, at first a PCR protocol on the thermocycler was
used to amplify a 811-bp sequence of the ompB gene using the primers 120-2788
and 120-3599 in Table 3.10 (Roux and Raoult 2000, Wolfel et al. 2008). As positive
control the purified DNA of R. monacensis (Dr. Kathrin Hartelt, Landesgesundheit-
samt Baden-Wiirttemberg, Stuttgart) was used. The pipetting scheme and the tem-

perature profiles of the rOmpB-PCR are given by Tables 3.11 and 3.12, respectively.

The amplification products of the rOmpB-PCR were then purified using the QIAquick
Spin PCR Purification Kit (Qiagen, Venlo, Netherlands). Sequencing reactions were
carried out on the thermocycler using the BigDye Terminator v1.1 Cycle Sequencing
Kit and the ABI PRISM 310 Genetic Analyzer® on the basis of the chain termination
method (Skuballa 2011). The BigDye (v1.1) Mix includes fragments of AmpliTaq®
DNA polymerase, BigDye terminators, dNTPs, rTth pyrophosphatase, MgCl. and
buffer. Thereby the polymerase is responsible for the amplification of the DNA tem-
plate and for incorporation of the terminators. The master mix used for the sequenc-

ing reaction is described in Table 3.13.
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The capillary gel electrophoresis on the ABI PRISM® 310 Genetic Analyzer used the
Gel Performance optimized Polymer 6 (Skuballa 2011). After the resulting bases
were checked and corrected manually where necessary, the DNA sequences were
compared with existing data records on GenBank (NCBI taxonomy database,

http://www.ncbi.nlm.nih.gov).

3.3 Data supplementation

3.3.1 Measure of aggregation and relative tick density

Shaw et al. (1998) demonstrated that parasites on wildlife animals usually show
patterns of aggregation following a negative binomial distribution of type I (NBI),
with a few hosts harboring most parasites. The dispersion parameter k of the NBI is
often used as an inverse measure of aggregation. For each tick life history stage, the
dispersion parameter can be calculated by the corrected moment estimate k =
(u? — o7 /n) /(6% —u;) , with y; representing the mean number of the ith tick life his-
tory stage per host and o7 being the corresponding variance, while n is the total
number of sampled host individuals (Wilson et al. 2002). As k approaches zero the
parasite aggregation increases, while larger values of k represent a lower level of

aggregation (Wilson et al. 2002).

In order to estimate the relative tick density on each part (1 to 8, in Figure 3.5a and
in Figure 3.5b) of the game carcass, the proportional surface area was determined
by polygon measurements on photographs of roe deer and wild boar. Because the
proportional surface area can vary with age and sex of the game animals, reference
images of 25 roe deer and 20 wild boars were photographed for each group in ac-
cordance with the headings of Tables 3.14 and 3.15, respectively, such that 5 meas-
urements were preformed per group. Based on the photographs, the proportional
surface area of each body of the carcass was determined using Image] 1.48r (by Na-

tional Institutes of Health) by performing the following steps:
1.Draw a polygon around each body part.
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Table 3.14: Averaged surface area proportions (mean * SD) of the roe deer body.

Body Adult Adult Yearling Yearling M:?:/,:e- Total
Part Male Female Male Female Study
male
1-Ear 0.02+0.00 0.02x0.00 0.02£0.00 0.02+0.00 0.02+0.00 0.02%0.00
2 - Head 0.07+0.01 0.07+0.01 0.06+0.01 0.06+0.01 0.07+0.01 0.07+0.00
3 - Neck 0.09+0.01 0.09+0.01 0.08+0.00 0.07+0.01 0.08+0.01 0.08+0.01
4 - Body 0.23+0.02 0.23+0.01 0.24+0.01 0.23+£0.01 0.20+£0.02 0.23%0.01

5-Frontlegs 0.23+0.02 0.25+0.02 0.22+0.01 024002 0.26%£0.02 0.24+0.01
6 -Hindlegs 0.30+0.01 0.27+0.01 0.31+0.01 030+0.01 0.30x0.03 0.29£0.01
7 -Sternum  0.03+0.01 0.04+0.00 0.03+0.01 0.04+0.01 0.03+x0.01 0.03+0.00
8 - Abdomen 0.04+0.01 0.04+0.00 0.03+0.00 0.04+0.01 0.03+0.01 0.04=x0.00

Table 3.15: Averaged surface area proportions (mean * SD) of the wild boar body.

Body Adult Adult Young Fawn Total

Part Male Female Male/Female Male/Female Study
1-Ear 0.02 £ 0.01 0.02 £0.00 0.02 £ 0.00 0.03 £0.00 0.02 £ 0.00
2 - Head 0.12 £ 0.02 0.13 +0.02 0.11+0.01 0.13+0.01 0.12 +0.01
3 - Neck 0.04 £ 0.01 0.05+0.01 0.04 £ 0.00 0.05+0.03 0.04 +0.01
4 - Body 0.29 £ 0.03 0.27 £ 0.03 0.26 £ 0.02 0.26 + 0.04 0.27 £0.03
5 - Frontlegs 0.22 £ 0.02 0.24 £ 0.02 0.24 £ 0.02 0.22 £0.02 0.23 £0.02
6 - Hind legs 0.23 £0.02 0.22+0.01 0.24 +0.01 0.26 +0.02 0.24+0.01
7 - Sternum 0.03 £0.00 0.03+0.01 0.05+0.01 0.03+0.01 0.03+0.01
8 - Abdomen 0.03 £0.01 0.03 £ 0.00 0.04 +0.01 0.03 £ 0.00 0.03+0.01

2.Calculate the area, i.e. contained pixels, within each polygon.

3.Compute the area sum over all polygons.

4.Divide each individual polygon area by the sum from step 3 to gain the propor-
tional surface area.

5.Repeat step 1 to 4 for each photograph.

Subsequently, Microsoft Excel 2013 was used to calculate for each group the means
and standard deviations (SDs) shown in Tables 3.14 and 3.15. Thereafter, tick den-
sities for each part of the body were calculated based on the absolute tick numbers
in relation to the relative surface area of the body region on which they were found.

For a specific body part, denoted by j, the relative tick density can be calculated as
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where t; is the total number of ticks found at attachment site j and a; is the propor-

tional surface area determined by the procedure described above.

Using the tick densities calculated for each part of the game carcasses, a non-para-
metric Friedman test was carried out to identify body regions preferred by ticks,
taking into account the life history stages of the ectoparasites as well as the season
when they were collected. Consequently, the seasonal differences in the use of at-
tachment sites could be determined with respect to the ticks’ development. By this
means, the potential places for tick attachment, mating and co-feeding were ranked.
During the ranking, tick life history stages and seasons having a limited sample size

were excluded.

In addition to this, the ideal free distribution hypothesis (IFDH) (Fretwell and Calver
1969) was tested at the host level using correlation and regression analyses to de-
termine the relationship between the preferred attachment sites and the density of
the ticks on the host body. In the context of ticks, this hypothesis can be interpreted
such that with a higher tick infestation on the host body, the ectoparasites can be

found increasingly in less preferred body areas (Sutherland 1996).

3.3.2 Niche index - Levin’s index

After ranking the preferred attachment sites, Levin's index B (Levins 1968) was cal-
culated to provide information on the niche breadth of the ticks per life history stage,

sex and status of engorgement using the following expression:

1

B=<=—,
Ypi

where p; specifies the proportion of ticks found on the body part with the number

Jj- This proportion can be calculated as p; = t;/T, with t; being the number of ticks
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at body part j and T the total number of ticks found on the host. Because the data

used here do not follow a normal distribution, Levin's index was standardized by:

whereby N equals the total number of body parts, so that that the resulting values
lie between 0 (narrow niche) and 1 (wide niche) (Hurlbert 1978). Thereby, a niche

breadth of 0 indicates that all ticks were allocated on the same body part.

3.3.3 Niche overlap - Piankas’ index

In addition to the ranking of the relative tick densities and the calculation of niche
breadths, the Pianka index (Pianka 1973) was calculated to obtain information on
the niche overlap of the ticks life history stages. This index was then used to evaluate
the importance of co-feeding dependent on the body part and tick life history stage.

Resource overlap was calculated by:

)

Ojk _ Xite DijPik
\/Z?=1 pizj =1 pizk

where p;; represents the proportion of ticks of a certain life history stage, denoted
by i, found at the body part with number j. The value of O;; reflects the resource
overlap between two tick life history stages j and k, whereby the index is symmet-

rical in the sense that 0, = Oy;.

3.3.4 Group dependent mass index (GDMI)

The body mass of game animals allows conclusions about their individual’s health
and immune status (Pettorelli et al. 2002, Stubbe 2008, Briedermann 2009). It is
assumed that the average body mass of big game depends on the sex and the stage
of life, depending on changes over time during the year with the animal’s individual

development, i.e. growth. Nevertheless, the definition of a condition index (CI) that
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reflects the physical condition of animals has been controversially discussed in eco-
logical literature and has not yet been verified on roe deer (Peig and Green 2009,
2010). For this reason, the following derivation uses a naive approach based on the
sample population to determine an indicator for the physical condition of the stud-
ied host animals. A standardized group dependent mass index (GDMI;) was calcu-
lated for both species in relation to the age, sex and sampling period of both species.
Roe deer and wild boar were separated into groups formed by all possible constel-
lations of sex, age and time period. For each group, denoted by g, an average body
mass m, was calculated over all related animals. Given an animal from the group g,
the difference between its individual mass m and the mean body mass of its group
my was then calculated as M = m — . Based on the difference M the standardized

mass index GDM I was calculated for each animal using the following formula:

M — M,,;
GDMI, =2 - (—"”"— 0.5) ,
Mmax - Mmin
where M,,,, and M,,;, are the maximal and minimal values of M within the whole

dataset including all groups. The mean body mass of each group m, and the differ-

encesM, M,,,,, and M,,,;,, are displayed in Table B.1 of the appendix.

The index GDMI; lies between -1 and 1, whereby animals with low body mass tend
to a value of -1 and those with high individual mass have an index tending to 1. Con-
sequently, animals with a value of GDMI > 0 have an individual body mass higher
than the group mean mg, and animals with GDMI < 0 have a body mass lower than
the group average. As a result, the index allows an easier interpretation of the ani-
mal’s body mass in relation to the groups formed, whereby higher indices might sug-
gest healthier conditions and lower ones a less than optimal physical state. Never-
theless, the index should not be taken as an absolute quantity to judge an animal’s
physical condition. Rather it should be used as an indicator to supportinterpretation

of other animal parameters.
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3.3.5 Animal conditions

As mentioned above, for each animal infestation with additional ectoparasites was
recorded, as were whether the individual was in a poor condition and if it had any
deformation, i.e. was somehow crippled. In addition to these individual facts, a new
variable, denoted by “HasCondition” has been introduced into the dataset, which has
been set to 1 if any of the above conditions was encountered. Otherwise, the

“HasCondition” parameter has been assigned a value of 0.

In addition, the tick induced blood loss BL was calculated for every animal sampled.
For this purpose, the blood loss was estimated using the formula proposed by

Télleklint and Jaenson (1997):

L (2.62 ul- N, +15.86 ul - Ny, + 732.8 ul - N;) - 107°
B m©099-0.055

100,

whereby N, N, and N are the number of larval, nymphal and female ticks on the

host, and m represents the body mass of the individual in kilograms. The resulting

value represents the blood loss in percent.

3.4  Statistical methods

All parameters on ticks, game animals and pathogens were recorded in Microsoft
Excel 2013. Indices, prevalences and intensities were also calculated in Excel. The
resulting dataset was supplemented by the calculations described in Section 3.3. An
overview of all variables contained in the resulting dataset is given by Table 3.16.
Thereafter, the dataset was analyzed using IBM SPSS Statistics 22. Prior to statistical
analysis, the data were tested for normal distribution using the Shapiro-Wilk test.
For data not following the normal distribution, non-parametric tests (i.e. Mann-
Whitney U-test and Kruskal-Wallis test) were used, whereas for normally distrib-

uted data a parametric tests (i.e. t-test) were employed.
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Table 3.16: List of all variables contained in the final dataset about sampled host animals
and ticks. Note that only relevant variables are shown in the results of the statistical analy-
sis, although the complete dataset is available for future studies.

Category

Variables

Time data:

Game information:
Game samples*:
Game condition:

Organ infections™:
Climate:

Number of collected ticks:

Proportional surface areas:

Tick density:
Niche breadth:

Niche overlap:
Notes:

Tick information:
Tick infections™:

culling date, month group

ear ID, species, age, sex, body mass, GDMI, hunting hide

EDTA, serum, lung, liver, splenic, bladder, kidney, heart, muscle, ear
pregnant, nursing, poor condition, crippled, lungworms, deer fly,
other ectoparasites, has condition

Rickettsia spp. in pool 1 and pool 2, Borrelia spp. in pool 1 and pool 2
cloud coverage, relative humidity, air temperature, air pressure,
wind speed, precipitation depth, sunshine duration, snow height
total ticks, males, females, nymphs, larvae, dead, mating

for ear, head, neck, body, front leg, hind leg, sternum, abdomen

one variable for all ticks, for each life history stage and for mating
ticks at each body part (8 x 6 = 48 variables)

Levin index and standardized Levin index for all ticks and for each
life history stage

Pianka’s index for all combinations of tick life history stages

type of hunt

tick ID, mate, host ID, species, age, engorgement, dead

Rickettsia spp., Borrelia spp., concurrent infection

* binary variables (yes = 1/no = 0)

To compare tick prevalences between groups of host animals contingency tables
were generated, including a chi-squared test to identify significant differences,
whereby for the comparison of 2 groups Fisher’s exact test has been used. Besides
Pearson correlation analysis, linear regressions and generalized linear models
(GLMs) as well as CHAID (chi-square automated interaction detector) classification
trees were used to determine the significant and ranked impact of all analyzed fac-
tors comprising tick data, host data and climatic measurements (Sonquist and
Morgan 1964). With CHAID the results were classified into groups (nodes) and
chained in a ranked order describing the most important factors that influence tick
infestation, while the GLMs were used to inspect seasonal niche behavior of the

ticks.

In general, for all statistical tests P-values smaller than 0.05 were assumed to be

significant, while values smaller than 0.001 were classified as highly significant.
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Note that in the following P-values will be provided where they indicate significance

or where they are relevant, otherwise they will be omitted for readability reasons.

3.4.1 Statistical modeling

A statistical modeling approach was used to estimate models for the infestation in-
tensity of tick life history stages in relation to host and climate parameters. For rea-
sons of flexibility and in accordance with Kiffner et al. (2011a, 2011c), generalized
additive models for location, scale and shape (GAMLSS) were used to create regres-
sion type models. In comparison to other regression-based modelling techniques
(e.g.linear regression or GLM), the GAMLSS approach (Rigby et al. 2005) can be used
to model the mean as well as the dispersion of the dependent response variable with
respect to a given parametric distribution. In relation to ticks on roe deer, Kiffner et
al. (2011c) have shown that a variable dispersion term clearly improved the model
fit in comparison to a conventional negative binomial additive model fitting a con-
stant scale parameter. Additionally, the expression of the distribution parameters as
functions of the exploratory variables can incorporate non-linear functions, such as

smoothing terms.

In a first step, the dependent variables were tested as to whether they were better
represented by a Poisson (PO) or a negative binomial (type I) distribution. This test
was carried out by first fitting either distribution to the data using the maximum-
likelihood estimation followed by the determination of the quality of the fit on the
basis of the Akaike information criterion (AIC). After the selection of the distribu-
tion, the GAMLSS approach was used to calculate several models with respect to
each developmental stage of the ticks. The first 4 models for each tick life history
stage were estimated to determine the relationships between tick burden, air tem-
perature, host sex and host body mass. Thereby, host body mass of each host was
weighted by a value of 0.75 to simplify its relationship with parasite biomass (see
Kiffner et al. 2011c). Then, the modeling formulas in accordance to the notation in-

troduced by Chambers and Hastie (1992) are as follows:
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Males ~ pb(Temperature)
Males ~ Sex + pb(Temperature)

Males ~ BodyMass + pb(Temperature)

s W N

Males ~ Sex + BodyMass + pb(Temperature)

A smoothing penalized B-spline (pb) was used to model the relationship between
tick burden and temperature. The temperature itself was calculated as the average
of four successive days, including the three days before the culling of the host animal
and the day of its death. This averaging process ensured that the temperature values
used corresponded to the attachment duration of the modeled ticks (compare with
Kiffner etal. 2011c). Moreover, in each of the 4 models a heterogenic dispersion was
assumed, which was related to the smoothing term “pb(Temperature)” during the
model estimation procedure to achieve better fits (cf. Kiffner et al. 2011c). After suc-
cessful generation of the models, the best fitting one was selected based on the sam-

ple size corrected AIC, denoted by AIC: (Burnham and Anderson 2002).

In a subsequent step, a more complex model was estimated for each tick life history
stage using the GAMLSS approach in combination with additional parameters, such
that the inclusion of host sex, host age, host body mass, air temperature and precip-
itation depth was considered by an automatic parameter selection scheme. Based
on the generalized AIC (GAIC) an optimization driven procedure selected the model
which included those parameters that procured the best fit, whereby each parame-
ter included was either represented linearly or by a non-linear term using a penal-
ized B-spline. Finally, these automatically optimized models were compared to the
corresponding aforementioned models selected by the AICc-values. The quality of

the fits was additionally judged using worm plots (van Buuren and Fredriks 2001).

In a final step, the GAMLSS approach was used to estimate models for each tick life
history stage with respect to the host body mass separately for each age group of
the hosts to gain detailed information about their interdependencies. All of the

above calculations were carried out in R (R Development Core Team 2013) using
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the gamlss package (Stasinopoulos and Rigby 2007). In this context, the estimation
of all models was performed using the RS algorithm (Stasinopoulos and Rigby
2007), whereby the automatic parameter selection made use of the stepGAIC func-

tion inside the gamlss package.

To investigate the composition of the tick population a multinomial logistic regres-
sion was used (Venables and Ripley 2002). For roe deer the proportions of collected
male, female, nymphal and larval ticks were modelled depending on host related
parameters. To find the best model from an information theory point of view, re-
flected by the AIC, all possible combinations of modelling formulas for the six pa-
rameters host species, host age, host sex, body mass and attachment site as well as
the time of sample acquisition were used to perform 63 different multinomial lo-
gistic regressions. The sampling periods were represented by month, whereby
months with a limited sample size were excluded from the modeling process. Addi-
tionally, body regions were aggregated to facilitate interpretation of results, such
that four groups (Ears, Head & Neck, Front legs & Sternum, Hind legs & Abdomen)
included all sampled ticks. Note that no ticks were found on the torso of any animal.

The model with the lowest AIC was:

TickStage ~ Month + BodyMass + BodyPart + HostSex + HostSpecies.

This model was used for further interpretation of the effects on the composition of
the tick population. Hereby it has to be considered that the reference group, i.e. the
baseline, of the dependent variable was chosen such that female ticks were com-
pared against all other life history stages. Moreover, January was used as reference
period, while the ears, male hosts and roe deer were selected as the baselines in
relation attachment site, host sex and host species, respectively. Predictions of the
resulting model were then used to visualize the probability distribution of the indi-
vidual tick life stages/sexes in relation to each of the independent model variables.

The multinomial logistic regression was carried outin R (R Development Core Team
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2013) using a maximume-likelihood estimation realized within the vgam package

(Yee 2010).

With respect to infections of ticks with Rickettsia spp. and Borrelia spp., analyses
included descriptive statistics, the identification of differences in the infection prev-
alences between groups of ticks using contingency tables in combination with chi-
squared or Fisher’s exact test, the study of linear relationships between parameters
using Pearson’s correlation coefficients, the detection of interdependencies be-
tween multiple variables by a factor analysis and, finally, the quantification of the
parameters of importance using a decision tree and a logistic regression. The extrac-
tion of 5 orthogonal components was carried out by first applying an optimal scaling
using categorical principal component analysis (CATPCA) to optimally quantify bi-
nary, ordinal and numerical variables (Meulman et al. 2004). This was followed by
a factor analysis based on principle component analysis (PCA) in combination with
a Varimax rotation and Kaiser Normalization. The decision tree was computed using
the chi-square automated interaction detector (CHAID) classification algorithm to
gain significant ranked impacts of the all analyzed parameters on the prevalence of
the infections. The logistic regression was carried out using stepwise forward re-
gression to inhibit the inclusion of non-significant parameters into the modelling

process.

104



Tick burden

This chapter presents and discusses the results with respect to the tick burden on

roe deer and wild boar.

4.1 Results

4.1.1 Tick burden on roe deer

Data were collected from September 2011 to February 2014 the examination in-
cluding a total number of 247 roe deer composed of 83 fawns, 34 yearlings (age be-
tween 1 and 2 years) and 130 adult individuals (older than 2 years) (Table 4.1, Fi-
gure 4.1). Note that the maxima appear as a result of hunting and convalescence pe-
riods in Germany. Slight culling numbers during the warmer months (April to
September, 2012 and 2013) were due to extremely wet weather conditions that

made large parts of the sampling area extremely boggy and hunting difficult.

The total number of samples roe deer together with the number of collected ticks as
well as the tick prevalence and intensities are listed by Table 4.2. Except for one
loose and unengorged D. marginatus female (removed in October 2013), only 1. rici-
nus was found on roe deer. A total of 1,584 ticks were recovered, whereby all I. rici-
nus life history stages were encountered: 154 larvae (9.7%), 492 nymphs (27.1%),
212 males (13.4%) and 789 females (49.8%).
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Table 4.1: Numbers of sampled roe deer and wild boar by age with respect to year and
month.

Roe deer Wild boar Both
Adult Yearling Fawn Total Adult Young Piglet Total species
Sep 1 - - 1 - 1 - 1 2
2011 Nov 24 2 21 47 22 23 19 64 111
Dec 6 - 2 8 3 2 8 13 21
Jan 13 - 6 19 7 1 14 22 41
Apr 2 2 - - 1 1 3
Mai 2 9 - 11 - 1 - 1 12
Jun 2 1 - 3
2012
Aug 1
Sep 2 2 5 9 2 1 3 12
Nov 20 3 15 38 8 17 55 80 118
Dec 10 - 14 24 5 21 30 54
Jan 3 - 6 9 3 32 39 48
Mai 3 3 1 4
Jun 2 2 4 1 5
2013
Sep 1 1
Nov 12 6 3 21 13 10 7 30 51
Dec 18 3 29 8 7 4 19 48
2014 Jan 12 2 17 12 11 15 38 55
Total 130 34 83 247 83 83 178 344 591

The highest average tick infestation per deer was recorded during May 2013 (inten-
sity: 171.7 £ 63.2), followed by April 2012 with 35.5 + 5.5 ticks per animal. The high-
est tick prevalences were recorded from April to September 2012 and from May to
September 2013, although most of the animals were culled between November and
January. For the whole period of the study the lowest tick prevalences were deter-
mined during the winter months, from November to January, with a minimal and
maximal values of 12.5% (intensity: 0.1 + 0.3) and 60.5% (intensity: 1.7 * 1.7), re-

spectively, during winter 2012 (see Figure 4.1a).

The tick burden per roe deer over the whole study period ranged from 0 to 261 ticks
and averaged to 6.4 (* 21.8) ticks per deer. Most of the tick burden was caused by
adult ticks with an intensity ranging from 0 to 62 ticks (intensity: 4.1 £ 9.0). Only

females range from 0 to 53 (intensity: 3.2 + 7.4). Fewer males were recovered, with
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Figure 4.1: For the total period of sampling the bar plots in (a) show the average number of
ticks per roe deer. The line plots in visualize the tick prevalences (dark gray) and the num-
ber of sampled animals (light gray) for roe deer. Dashed lines indicate time periods with
zero animals between months with samples. The plots in (b) show the average number of
tick life stage/sex per roe deer for each month. The standard deviations of the tick intensi-
ties are represented by the whiskers.

arange from 0 to 14 ticks per deer (intensity: 0.9 + 1.9). The burden of mating adults
per roe deer ranged from 0 to 22 with a mean of 1.1 (* 2.6). The widest range was
recorded for nymphs with 0 to 149 individuals per host (intensity: 1.7 + 11.8). Lar-
vae abundance ranged from 0 to 50 (intensity: 0.6 * 3.6) individuals. The average
number of tick life history stages with respect to each sampling period is displayed

in Figure 4.1b.

The highest tick prevalence (67.7%) was determined for young roe deer aged be-

tween 1 and 2 years, followed by individuals younger than 1 year (53.0%) and adults
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Table 4.2: Number of ticks from roe deer, sampled roe deer and infested roe deer grouped
by age and sex of the hosts together with the tick prevalence and the average number of
ticks per roe deer (intensity).

Infested

Roe Deer Roe Deer Ticks Prevalence Intensity

Fawn 83 44 213 53.0% 26+55

male 35 19 68 54.3% 1.9+33
female 48 25 145 52.1% 3.0+6.6
Yearling 34 23 864 67.7% 254 +518
male 17 11 546 64.7% 32.1+66.8
female 17 12 318 70.6% 18.7 £31.1

Adult 130 60 507 46.2% 39+94
male 46 26 351 56.5% 7.6 £ 14.5

female 84 34 156 40.5% 19+34
Total 247 127 1584 51.4% 6.4+21.8

with 46.2% tick infestation. The highest prevalences of larvae (50.0%) and nymphs
(14.7%) were also found on yearlings. Dead ticks were only found on adult roe deer
(0.8%). To verify dependence between tick infestation and the age groups of the
hosts, a Kruskal-Wallis test with a subsequent post-hoc analysis was carried out. The
results show that yearlings were highly significantly (P < 0.05) more infested than
fawns and adult deer (Table 4.3). This test was also carried out for each tick life his-

tory stage leading to equal results (males, females, nymphs and larvae: P < 0.05).

To test if there are differences in tick infestation between male and female hosts, a
Mann-Whitney U-test was performed with a result approaching the level of signifi-
cance (P =0.065) indicating that male deer tend to have more ticks than female deer.
By splitting up the dataset by host age and repeating the test for each tick life history
stage, the infestation intensity for adult and larval ticks on adult roe deer was signif-
icantly male-biased (males: P = 0.039; females: P = 0.044; larvae: P < 0.001), while
for fawns and yearlings no imbalances were detected. However, nursing adult fe-
male roe deer had significantly higher tick burdens (Mann-Whitney U-test: P =

0.024) than females without fawns.
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Table 4.3: Post-hoc analysis of the Kruskal-Wallis test comparing age groups of roe deer
by tick burden.

Group 1 Group 2 Test Statistic  Std. Error  Std. Test Stat. Sig. Adj. Sig

> 1 year <1year 0.607 9.431 0.064 0.949 1.000
> 1 year 1 year 47.304 12.930 3.658 0.000 0.001
<1year 1 year -46.697 13.668 -3.416 0.001 0.002

Each row tests the null hypothesis that Group 1 and Group 2 distributions are the same.
Asymptotic significances (2-sided tests) are displayed. The significance level is 0.05.
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Figure 4.2: Estimated blood loss (not considering the production of new blood) due to in-
festation by I. ricinus of roe deer.

The levels of aggregation (see Section 3.3.1) on roe deer was highest for nymphs (k
= 0.02), followed by larvae (k = 0.03), females (k = 0.19) and males (k = 0.26). Par-
ticularly on yearlings the level of aggregation was lower for all tick life history stages
(adults: k = 0.59, nymphs: k = 0.07, larvae: k = 0.11) than on adult roe deer (adults:
k =0.19, nymphs: k = 0.02, larvae: k = 0.04) and fawns (adults: k = 0.45, nymphs: k
=0.02, larvae: k= 0.05).

The blood loss induced by the tick infestation (see Section 3.3.5) of roe deer is shown
in Figure 4.2. More than 90% of the animals had an estimated blood loss lower than
1%, while about 8% of the deer lost between 1 and 4% of their blood. For only 1%
of the individuals the blood loss was larger than 4%. As a result, the mean blood loss

of all roe deer sampled was as low as 0.3%.
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Table 4.4: Number of ticks from wild boar, total number of wild boar and number of tick
infested wild boar together with the tick prevalence and the average number of ticks per
host (intensity) grouped by host age and sex.

Infested
Wild Boar Wild Boar Ticks Prevalence Intensity
Piglet 178 10 29 5.6% 0.16 £ 0.97
male 88 8 22 9.1% 0.25+1.22
female 90 2 7 2.2% 0.08 + 0.64
Yearling 83 5 9 6.0% 0.11+0.52
male 40 1 1 2.5% 0.03+0.16
female 43 4 8 9.3% 0.19 £ 0.70
Adult 83 6 8 7.2% 0.10 £ 0.37
male 25 3 4 12.0% 0.16 £ 0.47
female 58 3 4 5.2% 0.07 £0.32
Total 344 21 46 6.1% 0.13 £ 0.76

4.1.2 Tick burden on wild boar

A total of 344 wild boar, with 178 piglets, 83 young boars (aged from 1 to 2 years)
and 83 adult boars which were older than 2 years, were examined. The dataset in-
cludes 78 boars sampled in 2011, whereby 77 individuals were collected during No-
vember and December. In 2012, a total of 137 wild boar were recorded with the
highest incidence (110 wild boars) from November to December. Similar to 2012,
the 91 samples from 2013 were mainly collected during the winter months, i.e. Jan-
uary, November and December (88 wild boars). During January 2014 a number of

38 additional wild boars have been sampled (see Table 4.1).

Table 4.4 gives an overview over the total number of wild boar sampled and the
number of ticks collected in relation to the tick prevalence and the average number
of ticks per animal. From European wild boar only 46 . ricinus, including 5 nymphs
(10.9%), 4 males (8.7%) and 37 females (80.4%), were removed. Larvae as well as
mating ticks were not found on boars. Most ticks showed little engorgement, while
ticks with a higher level of engorgement were dead (11 ticks; 23.9%). Of the dead
ticks, 4 were found on male and 7 on female boar. On adult wild boar 4 of 8 (50.0%)
and on yearlings 5 of 9 (55.6%) ticks were dead, while on piglets only 2 of 29 (6.9%)

were dead. The highest intensities of infestation was observed in May 2013 on a
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Figure 4.3: For the total period of sampling the bar plots in (a) show the average number of
ticks, line plots visualize the tick prevalences (dark gray) and the number of sampled wild
boar (light gray). Dashed lines indicate time periods with zero samples. The plots in (b)
show the average number of tick life stage/sex per wild boar for each sampling period. The
standard deviations of the tick abundances are represented by the whiskers.

single boar with 10 ticks, followed by April 2012 with a single animal carrying 2
ticks. During the whole study period tick prevalence was low (6.1%), whereby no
ticks were found on wild boar in September 2011, in January, May and December

2012, in January and September 2013 as well as in January 2014 (Figure 4.3a).

The overall tick burden per wild boar ranged from 0 to 10 ticks (intensity: 0.13 *
0.76), while female ticks showed the highest intensities, ranging from 0 to 5 (inten-
sity: 0.11 * 0.55), followed by nymphs ranging from 0 to 3 (intensity: 0.01 * 0.19)
and male ticks with a range of from 0 to 2 (intensity: 0.01 * 0.15) individuals per

boar. Females were also the most prevalent ticks on the boar (5.8%), followed by
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males (0.58%) and nymphs (0.58%). The tick intensities grouped by sex and life his-
tory stage are shown in Figure 4.3b.Wild boars older than 1 year had the highest tick
prevalence (7.2%), followed by animals with an age of between 1 and 2 years (6.0%)
and piglets with a tick prevalence of 5.6%. However, the highest prevalence of dead
ticks was registered on wild boar between 1 and 2 years old (4.8%), while older
(3.6%) and younger (1.1%) individuals had fewer dead ticks. Most prevalent were
female ticks on wild boar older than 1 year (6.0%), male ticks on individuals younger

than 1 year (1.1%) and nymphs on boars older than 2 years (1.2%).

Piglets had the highest average number of ticks (0.16 + 0.97), followed yearlings
(0.11 = 0.52 tick per boar) and adults (0.10 + 0.37). Male ticks were only found on
boars younger than 1 year (0.23 + 0.21), while females were distributed over all of
the age groups (piglets: 0.12 + 0.64; yearlings: 0.11 + 0.52; adults: 0.07 = 0.30).
Nymphs were only collected from piglets (0.02 + 0.22) and adult boar (0.02 + 0.21).

Similar to roe deer, a Kruskal-Wallis test and Mann-Whitney U-tests were carried
out to test if tick infestation depended on the age or the sex of the hosts. The inten-
sity of ticks, in particular that of female ticks, was significantly higher (P < 0.05) on
male piglets (0.08 + 0.06) than females (0.07 + 0.04). However, none of the other
tests showed significant differences between the individual groups, neither for age
(P =0.890), nor for sex (P = 0.234). The highest level of aggregation on wild boar
was reached by nymphs (k = 0.004), followed by males (k= 0.006) and females (k =
0.055).

The largest amount of blood loss induced by ticks from wild boar was 0.4% and the

average blood loss was 0.005%.

4.1.3 Identification of factors influencing tick activity

Pearson’s correlation coefficients show for temperature related factors (i.e. air tem-

perature, maximum air temperature, minimum air temperature, minimum air tem-
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perature at the ground and sunshine duration) a highly positive significant relation-
ship to tick burden on roe deer (Table 4.5). Could coverage was negatively corre-
lated with tick burden on roe deer at a highly significant level. The correlation coef-
ficients for relative humidity in relation to males, females and larvae were all nega-
tive and at a highly significant level, while for nymphs humidity no significance was
determined. For air pressure, precipitation depth and wind speed no significant cor-

relation was detected.

Significant (P < 0.05) negative correlations were found between tick burden and
host health status (i.e. host body mass and GDMIy), indicating that healthier animals
have fewer ticks. In particular, a poor condition or crippled roe deer appear to be
strongly associated with the presence of ticks and their status of mating (P < 0.01),
such that more ticks were found on weak individuals. Moreover, highly significant
correlations were found for nymphs on roe deer with a lower body mass and in bad

physical condition (P < 0.01).

A closer look at the correlation coefficients with respect to individual sampling pe-
riods (Table 4.6) reveals the during spring (May/Jun) increasing temperature led to
a significant decrease in larvae and nymphs on roe deer, while adult ticks were not
significantly correlated. During the same period, relative humidity affected the
nymphs significantly negatively. As a result of both effects, the saturation deficit has
a significantly negative relationship with nymphal tick burden. A quite contrary ob-
servation can be made for autumn (Sep/Oct) correlation coefficients, when temper-
ature was significantly positively related to nymphs and larvae, while relative hu-
midity was not significantly associated with all life history stages and a higher satu-

ration deficit increased the number of larvae found.
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Table 4.5: Pearson's correlation coefficients for ticks on roe deer and wild boar in relation to climate and host condition with respect to the
whole sampling period.

Ticks Adults Females Males Nymphs Larvae DeadTicks Mating Ticks

GDMI -0.146" -0.095 -0.089 -0.104 -0.167 -0.100 -0.007 -0.114
Body Mass  -0.142" -0.082 -0.079 -0.079 -0.165* -0.112 0.038 -0.113
Poor or Crippled Condition  0.353" 0.179™ 0.189™ 0.111 0.388™ 0.419™ -0.008 0.308™
Relative Humidity -0.273" -0.417" -0.426" -0.316" -0.121 -0.219* -0.190™ -0.286™
. Air Temperature 0.319"  0.464" 0.478" 0.333" 0.170™ 0.220™ 0.073 0.278"
3 Min. Air Temperature near Ground 0.247*  0.360™ 0377 0.233" 0.132" 0.166™ -0.008 0.195*
% Min. Air Temperature 0.265"  0.400™ 0.417™ 0.266™ 0.133" 0.176™ 0.001 0.213"
S Max. Air Temperature  0.332™  0.460™ 0.472* 0.337" 0.190™ 0.241™ 0.102 0.297
Sunshine Duration 0.237*  0.367" 0.373* 0.279* 0.097 0.204™ 0.204* 0.270™
Cloud Coverage -0.180" -0.259™ -0.262" -0.204" -0.087 -0.158" -0.192* -0.212"
Precipitation Depth  -0.084 -0.100 -0.097 -0.096 -0.059 -0.067 -0.030 -0.086
Air Pressure  -0.089 -0.099 -0.109 -0.043 -0.064 -0.081 0.000 -0.047
Wind Speed  0.006 0.061 0.066 0.032 -0.028 -0.027 -0.053 -0.010
GDMI  -0.027 -0.030 -0.049 0.048 -0.006 x -0.080 x
Body Mass  -0.046 -0.055 -0.055 -0.038 0.006 x 0.044 x
Poor or Crippled Condition  0.061 0.073 0.088 -0.004 -0.004 x -0.008 X
Relative Humidity -0.117" -0.082 -0.064 -0.117*  -0.186™ x -0.095 x
= Air Temperature  0.135" 0.080 0.072 0.086 0.261" x 0.132" X
S Min. Air Temperature near Ground  0.031 0.008 0.017 -0.025 0.092 x 0.094 x
.cg Min. Air Temperature  0.042 0.017 0.024 -0.016 0.1117 x 0.112" x
§ Max. Air Temperature 0.169™ 0.103 0.085 0.137" 0.316™ X 0.098 x
Sunshine Duration  0.222" 0.160™ 0.123" 0.243™ 0.333" X 0.077 X
Cloud Coverage -0.146" -0.119" -0.105 -0.134*  -0.173" X -0.082 X
Precipitation Depth  0.159™  0.145" 0.142* 0.112" 0.139 x 0.078 x
Air Pressure  -0.100 -0.102 -0.097 -0.088 -0.050 x -0.030 X
Wind Speed  -0.032 -0.030 -0.022 -0.048 -0.027 x 0.036 x

Significances: * P < 0.05;** P < 0.01; x live history stage not found
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Table 4.6: Pearson’s correlation coefficients for tick life history stages on roe deer and
wild boar in relation to saturation related parameters with respect to individual periods.

May/Jun Females Males Nymphs Larvae

Relative Humidity 0.372 0.275 0.440" 0.345

. Saturation Deficit -0.282 -0.309 -0.448" -0.400

é Air Temperature -0.218 -0.306 -0.538" -0.511"

4 Sep/Oct Females Males Nymphs Larvae

~ Relative Humidity -0.017 0.234 -0.134 -0.331

Saturation Deficit -0.375 -0.554 0.533 0.716"

Air Temperature -0.534 -0.602 0.612" 0.650"

= May/Jun Females Males Nymphs Larvae
2 Relative Humidity 0.182 0.365 0.365 x
E Saturation Deficit -0.991 -0.998" -0.998* X
= Air Temperature -0.477 -0.302 -0.302 x

Significances: * P < 0.05; ** P < 0.01; x live history stage not found

On wild boar there were significant correlations (P < 0.05) between total tick burden
and climate related parameters, such that higher air temperatures and a lower rel-
ative humidity are indicators for higher tick burden. Highly significant positive cor-
relations (P < 0.01) can be observed for cloudy, warm days with longer sunshine
duration and higher precipitation depths, which resulted in an increased tick bur-
den, whereby the number of dead ticks found also correlated positively with higher
temperatures (P < 0.05). In particular, the findings of nymphs on wild boars are re-
lated in a highly significant manner (P < 0.01) with these climatic factors. Significant
relationships between sex, age, health status or any other host related parameter
with the tick burden were not found. For the period of May/Jun with higher satura-
tion deficits there were significantly reduced numbers of male and nymphal ticks on
wild boar (Table 4.6), although air temperature and relative humidity were not sig-

nificantly correlated with respect to all life history stages.
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Males Females
! Node 0 ! Node 0 i
/| Mean 0,858 | !| Mean 3,194
|| Std. Dev. 1,904 | 1] Std. Dev. 7,356 |
In 247 ' n 247
| % 1000 | | % 1000 |
| Predicted 0,858 |: || Predicted 3,194 [
--------- E G

AirTemperature AirTemperature
5 Adj. P-value=0,000, F=75,751,

Adj. P-value=0,000, F=34,891,

df1=1, df2=245 df1=1, d|f2=245
| <= 8000 > 8,000
<= 8 000 > 8,000
| Node 1 Node 2
Node 1 Node 2 Mean 1,488 Mean 10,652
Mean 0,537 Mean 2,261 Std.Dev. 4,837 Std. Dev. 11,044
Std.Dev. 1,367 Std. Dev. 3,007 n 201 n 46
n 201 n 46 % 81,4 % 186
% 814 % 18,6 Predicted 1,488 Predicted 10,652
Predicted 0,537 Predicted 2,261 —
=]
l: HasCondition
HasCondition Adj. P-value=0,000, F=20,173,
Adj. P-value=0,003, F=9,138, df1=1, df2=199
df1=1, df2=199
0,000 1,000
0,000 1,000 | |
Node 3 Node 4
Node 3 Node 4 Mean 1,231 Mean 9,833
Mean 0,487 Mean 2167 Std. Dev. 3,216 Std. Dev. 21,179
Std. Dev. 1,241 Std. Dev. 3,430 n 195 n 6
n 195 n 6 % 78,9 % 24
o, 780 o, 24 Predicted 1,231 Predicted 9,833
Predicted 0,487 Predicted 2,167
(a) (b)

Figure 4.4: Decision trees for roe deer with respect to male (a) and female ticks (b) gener-
ated using the CHAID algorithm considering biotic (i.e. host age, sex and conditions) and
abiotic factors (i.e. climate).

4.1.4 Ranking of influences on tick burden

The CHAID algorithm was first applied to the whole roe deer dataset, including host
and weather data (Figures 4.4 to 4.8). It shows that climatic factors are highly im-
portant in their influence on tick burden, with daily air temperature being the
strongest parameter for males and females, followed by the “HasCondition” variable,
which is defined as association with the presence of any host infestations with other
parasites (e.g. lungworms) in conjunction with poor or crippled host condition (Fig-
ure 4.4). The trees for non-adult ticks ranked the “HasCondition” parameter even
higher than climatic factors (Figure 4.5), such that temperature and relative humid-
ity were on the second level for nymphs and larvae. For both life history stages the

CHAID algorithm isolated 6 roe deer having a condition (e.g. other ectoparasites or
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Nymphs Larvae
' Node 0
i| Mean 1737 | Mean 0,623
| std.Dev. 11,777 | Std.Dev.  3.640
| n 247 n 247
| % 1000 | % 1000
i| Predicted 1,737 | Predicted  0.623
) =
HasCondition HasConditien
Adj. P-value=0,000, F=26,059, Adj. P-value=0,000, F=30,940,
df1=1, di2=245 dft=1, df2=245
o.oloo 1,000 0,000 1,000
Node 1 Node 2 Node 1 Node 2
Mean 1,162 Mean 24 832 Mean 0432 Mean 8333
Sid-Dev. 7,171 Sid. Dev. 60,829 Std. Dev. 1,838 Std. Dev. 20,412
n 241 n 5 n 241 n 6
: dicted 9:,:352 xf dicted 23':333 s o8 % 2
redicte : redicte: Predicted 0,432 Predicted 8,333
[ E s
AirTemperature -
= - RelativeHumidity
Ad. P"‘ﬂd":f_‘f':f;;; 5,738, Ad]. P-value=0,000, F=49,737
e df1=1, df2=239
<= 8,000 > 8,000 <= 80,380 = 30.[380
Node 3 Noded | 1 pesssssssssen
Mean 0,297 Mean 4,826 bt Node 4
Std. Dev.  4.082 Std. Dev. 13,617 Mean 1,958 Mean 0,052
o 195 N P Std. Dev. 3832 Sid.Dev. 0518
% 78,9 % 186 n 48 n 193
Predicted 0,297 Predicted 4,826 % 194 | % w1
Predicted 1,958 || Predicted 0,052 |i
= 5 e =
Age [ I
Adj. P-value=0,002, F=11,770, Sex Age
dft=1. df2=193 Adj. P-value=0,006, F=8,456, Adj. P-value=0,000, F=11,050,
’ dit=1, df2=46 dft=2, diz=190
<1 year; > 1 year 1 year | ‘
male female <1 Tear =1 "ear 1 year
Node § Node 6 ‘ ‘
Mean 0.006 Mean 3.562 MNode 5 Node 6 Mode 7 Node § Mode 9
Std. Dev. 0,075 Std. Dev. 14,250 Mean 3.435 Mean 0,600 Mean 0,000 Mean 0,000 Mean 0,588
n 179 n 16 Std. Dev.  4.794 Std. Dev. 0,866 Std. Dev. 0,000 Std. Dev. 0,000 Std. Dev. 1,898
% 72,5 % 6,5 n 23 n 25 n 70 n 106 n 17
Predicted 0,006 Predicted 3,562 k) 83 % 10,1 % 283 Yo 429 R 69
Predicted 3435 Predicted 0,600 Predicted 0,000 Predicted 0,000 Predicted 0,588

(a) (b)

Figure 4.5: Decision trees generated using CHAID for nymphs (a) and larvae (b) on roe deer
considering biotic and abiotic parameters.

were crippled) that were significantly more highly infested (Node 2) than the rest
of the population (Node 1). Temperature was always positively associated with the
intensity of infestation with the tick life history stages and the trees show a thresh-
old of 8 °C at which the tick burden was significantly increased. For a low relative
humidity (< 80.4%) more larvae were observed on roe deer. These observations
stand in direct relationship to the correlation coefficients studied in the previous
section, where significant and highly significant linear relationships between tick
life history stage intensities, air temperature related parameters and relative hu-
midity were observed. The lowest levels of the decision trees for nymphs and larvae

suggest that roe deer related parameters could play a secondary role for ticks.
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Figure 4.6: Decision trees for all ticks from roe deer generated using the CHAID algorithm

Ticks
: Node 0
| Mean 6413 |!
|| Std. Dev. 21,781 |
i n 247 |
| % 1000 |
i| Predicted 8413 [
_________ .I ==
Age
Adj. P-value=0,000, F=34,024,
df1=1, df2=245
< 1vyear; > 1 year 1 year
Node 1 Node 2
Mean 3,380 Mean 25,412
Std. Dev. 8,108 Std. Dev. 51,798
n 213 n 34
% 86,2 % 13.8
Predicted 3,380 Predicted 25,412
.
Sex
Adj. P-value=0,011, F=6 5586,
df1=1, df2=211
male female
Node 3 Node 4
Mean 5173 Mean 2,280
Std. Dev. 11,425 Std. Dev. 4,845
n 81 n 132
Y 32,8 % 53 .4
Predicted 5173 Predicted 2,280
| =] | =l
Age GDMI
Adj. P-value=0,026, F=5,184, Adj. P-value=0,000, F=20,702,
df1=1, df2=79 df1=1, df2=130
<1 Tear >1 Tear <=-0,389 >-0,389
Nede 5 Node 6 Node 7 Node 8
1,943 Mean 7,630 Mean 7,692 Mean 1,689
Std. Dev. 3,289 Std. Dev. 14 477 Std. Dev. 11,506 Std. Dev. 3,002
35 n 46 n 13 n 119
142 % 18,6 % 53 % 48,2
Predicted 1,943 Predicted 7,630 Predicted 7,692 Predicted 1,689

considering host parameters only.

Therefore, host parameters were analyzed separately with CHAID using a first run
that included all sampled ticks and additional runs for each tick life stage/sex. The
results of the collective analysis shown in Figure 4.6 reveals that the most significant
host parameter related to Ixodes ricinus burden is the age of roe deer, with signifi-
cantly more ticks on yearlings (25.41 + 51.80) than on fawns and adult individuals
(3.38 £8.11). The second most significant factor with respect to fawns and adult roe

deer is the sex of the hosts, whereby males showed higher tick infestations (5.17 *
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n 46 n 35
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_________ i

Age
Adj. P-value=0,000, F=21,381,

Mean

Std. Dev.
n 247
% 100,0 H
Predicted 0,858 '

dft=1, df2=245

<1 year, > 1 year 1 year
Node 1 Node 2

Mean 0,643 Mean 2,206

Std. Dev. 1,409 Std. Dev. 3,480

n 213 n 34

Yo 86,2 Yo 138

Predicted 0,643 Predicted 2,206

| =
Sex
Adj. P-value=0,009, F=6,920,
df1=1, df2=211
I
|
male female
Node 3 Node 4

Mean 0,963 Mean 0,447
Std. Dev. 1,939 Std. Dev. 0,902
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Predicted 0,963 Predicted 0,447

(b)

Figure 4.7: Decision trees for (a) male ticks and (b) female ticks with respect to roe deer
host parameters generated with SPSS using the CHAID algorithm.

11.42) than females (2.28 * 4.84). Furthermore, ticks were more abundant on adult

male deer (7.63 + 14.48) than on younger animals (1.94 * 3.29). For female fawns

and adults, their physical condition, represented by the GDMI,, was relevant, as

those animals in bad condition (GDMI; < -0.389) had substantially more ticks than

those in good condition.
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(a)

(b)
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Figure 4.8: Decision trees for roe deer host parameters in relation to (a) nymphs and (b)
larvae generated using the CHAID algorithm.

Analyzing parasitism by female ticks (see Figure 4.7a), the most important parame-
ter is also given by the age of roe deer, with yearlings clearly favored by adult female
ticks (10.71 £ 13.64) versus fawns and adults (2.03 + 4.90). Male hosts (3.11 + 7.19)
are preferred by female ticks, whereas males older than one year showed a higher
mean abundance (4.54 = 9.18) than those younger than one year (1.23 + 1.94). Anal-

ysis of the preferences of Ixodes ricinus males (Figure 4.7b) are comparable to the
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findings for female ticks. The first division of the dataset was given by the host age,
with yearlings showing a higher infestation (2.21 + 3.48) than fawns and adult hosts
(0.64 + 1.41). Then, data was divided by sex, with male deer showing slightly higher
tick infestations (0.96 + 1.94) than female deer (0.45 = 0.90). In contrast to adult
ticks, the most outstanding parameter in nymphal abundance, denoted by the
“HasCondition” variable, is defined as association with the presence of any host in-
festations with other parasites (e.g. lungworms) in conjunction with poor or crip-

pled host condition.

The CHAID decision tree for nymphs shows that a high average number of nymphs
can be expected on hosts having any of the aforementioned conditions (24.83 *
60.83) versus lower tick infestations on deer in good condition carrying no other
parasites (1.16 + 7.17) (Figure 4.8a). The latter group is further divided by the age
of the hosts, whereby yearlings had more nymphs (5.21 + 17.58) than adults and
fawns (0.52 * 2.97). This non-yearling group is again subdivided by host body mass.
Roe deer with a lower body mass carried slightly more nymphs (2.70 + 7.05) than
individuals who weighted more than 10 kg (0.29 + 2.04). Similarly to nymphs, the
decision tree for parameters effecting larval infestation (see Figure 4.8b) is also first
divided by the host infestation with other parasites, whereby highly parasitized and
poor conditioned individuals carried significantly more ticks (8.33 * 20.41) than
those in better condition (0.43 * 1.84). Similar to nymphs, the group of ill condi-
tioned individuals was subdivided by host age, with yearlings being more highly in-
fested (1.88 £ 3.90) than fawns and adults (0.20 * 1.08). The last important param-
eter pointed out by CHAID is the sex of the hosts, such that larval ticks slightly fa-
vored male roe deer (0.47 + 1.70) versus females (0.04 * 0.26).

Decision trees were also used to examine the host parameters of wild boar in rela-
tion to tick infestation. However, the CHAID algorithm did not identify any signifi-
cant splitting parameter for the wild boar dataset. This is in accordance with the
correlation analysis, where no linear relation between any of the host parameters

and tick burden was found.
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Figure 4.9: Fits (black lines with circles) of the negative binomial (type I) distribution and
the Poisson distribution against the dataset (gray bars) of each tick life stage/sex. The AIC-
value in the lower right of each bar plot provides information about the goodness of the fit
(lower values are better), whereby the depicted values corresponds to the sample value
corrected AIC.

4.1.5 Modeling of tick abundances

Figure 4.9 depicts the fitting of the negative binomial (type I) distribution and the
Poisson (PO) distribution against the datasets of male ticks, female ticks, nymphs

and larvae. For each case, by visual judgment and from an information theory point
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Table 4.7: AlC.-values and degrees of freedom (df) of the GAMLSS models describing the
relationships between host sex, body mass, climate and tick burden. The two best fitted
models for each tick life history stage are marked in bold.

Males Females Nymphs Larvae
Model df AIC. df AIC. df AIC. df AIC.

Automatic parameter selection  13.6 553.0 16.3 891.9 12.0 187.8 16.0 162.4

pb(Temp.) 6.3 560.1 8.0 904.2 16.7 216.5 5.0 210.2
Body mass + pb(Temp.) 7.2 562.2 8.9 906.5 8.5 249.1 11.0 185.0
Sex + pb(Temp.) 50 5597 85 9052 101 2469 110 170.6

Sex + Body mass + pb(Temp.) 6.0 560.7 9.3 907.6 12.3 200.3 9.3 907.6

of view with respect to the AIC-values, the NBI distribution represents the datasets
better than the PO distribution. The low AIC suggests that the best fit of the NBI dis-
tribution was achieved for the nymphal data, while the largest AIC was reached for
female ticks. However, the goodness of these fits has to be kept in mind during the
estimation of the GAMLSS models in such a way that for tick life stages/sexes for
which the NBI distribution fits more accurately the estimated models might be more
reliable. In addition to the observations above, an over-dispersion of all four da-
tasets is reflected by their variance-to-mean ratios (VMRs). For male and female
ticks on roe deer the VMR has a value of 4.2 and 16.9, respectively, while the disper-
sion for nymphs and larvae was even higher with VMRs of 79.9 and 21.3, respec-

tively.

For the 4 “simple” models estimated from the predefined formulas (see Section
3.4.1) the degrees of freedom (df) and the AICc-values are displayed in Table 4.7 with
respect to each tick life history stage. From these models the ones with the lowest
AICc and thus the ones which represented the information within the datasets most
accurately have been selected (bold in Table 4.7). The corresponding model coeffi-
cients of the 4 chosen models are listed in Table 4.8, while the partial effects for each
parameter included in these models are shown in Figure 4.10 with respect to the

mean of the tick abundance on roe deer.
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Table 4.8: Mean and dispersion coefficients with significance levels of the manually selected
models for each tick life stage/sex from roe deer.

mean coefficients dispersion coefficients
(Intercept) Sex Body mass pb(Temp.) (Intercept) pb(Temp.)
Males -0.737 £ 0.268**  -0.637 + 0.246** notincluded 0.122 £ 0.021*** 1.567 + 0.359*** -0.098 + 0.038**
Females  -0.454 +0.179* not included notincluded 0.179 £0.017*** 1.333 + 0.247*** -0.086 + 0.026***

Nymphs  -5.427 * 2.595* 0.967 £ 0.757 -0.335+0.299 0.542 +0.093*** 5.980 £ 1.409*** -0.271 + 0.095**
Larvae  -10.441+0.976** -1.486+0.333*** notincluded 0.783+0.061*** 6.539 +2.105** -0.464 + 0.154**

Significances: 'P < 0.1; * P < 0.05;** P < 0.01; *** P < 0.001

From an information-theoretic point of view the model for male ticks that included
the smoothened temperature term pb(Temperature) in combination with roe deer
host sex had the lowest AIC. of all 4 predefined models and thus provided the best
fit to the dataset, while models including roe deer body mass resulted in a lower
AlC.. The coefficients in the first row of Table 4.8 suggest that the female roe deer
carry significantly fewer male ticks than male roe deer. This observation is under-
lined by the plot of the effect size in the first row and first column of Figure 4.10.
Moreover, the number of male ticks increases almost linearly with temperature in a
highly significant manner, although a B-spline smoothing has been used as basis for
the model estimation procedure (see first column, second row of Figure 4.10). Fur-
thermore, the dispersion in the male tick data decreases significantly with increas-
ing temperature, which is modeled by the penalized B-spline as demonstrated in the

upper left plot of Figure 4.11 (also see last column of Table 4.8).

Female ticks were best represented by the B-spline smoothened temperature model
with a minimal value of the AICc of 904.2, while models for female ticks including
additional parameters had consistently higher AICc-values. The GAMLSS model sug-
gests that female tick burden on roe deer is monotonically rising with temperature,
whereby the highest increase of tick abundance can be registered within the range
of 5 to 10 °C. Similar to the model for male ticks, the dispersion in the data with
respect to females decreased linearly on a highly significant level with increasing

temperatures. This behavior is visualized in the upper right plot of Figure 4.11.
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Figure 4.10: Mean male (upper left), female (upper right), nymphal (lower right) and larval
tick burden modeled by the GAMLSS approach including relations to host sex, roe deer body
mass and ambient temperature expressed by smoothing penalized B-spline function (black
line). Dashed lines visualize the point-wise standard errors, while the gray circles represent
the partial residuals of the fit.

In contrast to the models for mature tick life history stages, the nymphal tick burden
is best expressed by the 3 parameters, i.e. host sex, host body mass and temperature,
whereby only the pb(Temperature) term has been marked as highly significant by
the GAMLSS approach. Additionally, in the third column of Table 4.7 the AICc-values
of the nymphal models decrease with the number of included parameters. With the

selected model more nymphs are predicted to be found on female roe deer and on
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Figure 4.11: Partial effects of the B-spline smoothened temperature term on the dispersion
of male, female, nymphal and larval tick burden (black lines) on roe deer. Standard errors
are represented by the dashed lines and the partial residual are given by the gray dots.

roe deer with a lower body mass. However, as the standard errors of the mean coef-
ficients are relatively high for host sex and body mass and as both parameters are
not marked as significant, the statements about their relationship to nymphal tick
burden can only be assumed and the predictions of the model should be handled
cautiously. On the other hand, temperature has a highly significant non-linear effect
on nymphs on roe deer. Within this context, the GAMLSS model shows two peaks of
nymphal abundance for temperatures around 10 °C and 17 °C, whereby the stand-
ard errors increased at low temperatures (see last row, last column of Figure 4.10).
Moreover and similar to the male and female model, the dispersion in the nymph

dataset decreased with rising temperatures (see lower left plot of Figure 4.11).

Equivalently to the model for male ticks, the best model for larvae included host sex
and the smoothened temperature term pb(Temperature) resulting in an AlCc-value
of 170.6, whereby all model coefficients are at a highly significant level. With this
model, more larvae are predicted for male roe deer than for females. Moreover, with

increasing temperature the larval tick burden is increasing, while the dispersion in
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Figure 4.12: Box plots showing how the average number of ticks per roe deer changes with
air temperature. Black numbers below each box provide the total number of ticks collected
at the corresponding temperature. Whiskers correspond to the first and third quartiles and
outliers beyond these error bars are marked by black dots.

the data decreases for temperatures larger than 10 °C as shown in the lower right
plot of Figure 4.11. With respect to the partial effect of temperature and dispersion,
no larvae were found for temperature below 9 °C (see Figure 4.12). However, the
model does predict an increase of the number of larvae up to a temperature of 10 °C.
Beyond this temperature threshold a level of saturation is predicted at which the

intensity of the infestation stays almost constant.

However, for the partial effects of the temperature on the tick burden of nymphs and
larvae predicted by each of the corresponding models the original tick samples have
to be keptin mind. Therefore, Figure 4.12 shows box plots that visualize the changes
in the tick burdens on roe deer for all tick life stages/sexes over the whole sampling
period. For nymphs and larvae below a temperature of 9 °C almost no ticks were
discovered. The exception was a single fully engorged female tick, which was col-
lected from a female adult roe deer at 4.45 °C. However, since the models for nymphs
and larvae represent the changes in the infestation intensity with temperature

smoothly by penalized B-splines (see last row of Figure 4.10), a sudden occurrence
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of ticks might not be able to be predicted reliably and the results have to be inter-

preted cautiously.

Throughout the models selected all intercepts and all temperature terms (mean and
dispersion) were at least significant at a level of P < 0.05. Moreover, the models pro-
vide an adequate fit for the data of the different tick life history stages. The residuals
of the male tick model showed a mean near zero (0.005) and a variance approaching
avalue of one (0.989), while their coefficients of kurtosis and skewness have values
of 2.902 and 0.033, respectively. Similar values with respect to the residuals were
achieved by the female tick model (mean = -0.044, variance = 1.112, kurtosis = 2.892
and skewness = -0.145). This is also true for the residuals of the nymphal (mean = -
0.017, variance = 0.996, kurtosis = 2.890 and skewness = 0.053) and larval (mean =
0.003, variance = 1.050, kurtosis = 3.190 and skewness = 0.036) models. Moreover,
the worm plots in Figure 4.13 underline the above observations that the 4 selected
models fit adequately to the different tick life history stages, since all deviations lie
inside the confidence regions defined by the elliptical curves. As a result, the resid-
uals of the selected models approximate a normal distribution with a mean of 0 and
a variance of 1. Note that the kurtosis and the skewness of the normal distribution

are 3 and 0, respectively.

Based on van Buuren and Fredriks (2001), Figure 4.13 can be used to judge the qual-
ity of the estimated models more specifically. For all models the corresponding
worms pass through the origin and show neither a clearly negative nor a clearly
positive slope. Consequently, the fitted mean and variance are neither too large nor
too small. Moreover, the skewness of the fitted distribution can be assumed correct,
since none of the worms had a U-shape. However, all worms were S-shaped, such
that the tails for the fitted distribution for the male and the female models are too
heavy (S-shape on the left sloping upwards) and the tails of the distributions for the
nymph and larva cases are too light (S-shape on the left sloping downwards). Over-

all, these facts underline the goodness of the fits, whereby a detailed analysis of the
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Figure 4.13: Worm plots with respect to female, male, nymphal and larval ticks providing a
de-trended Q-Q plot for the GAMLSS models, for which the parameters have been selected
manually, visualizing the deviations of the model residuals from the normal distribution. A
polynomial fit through the deviations is given by the gray solid line, while the 95% confi-
dence intervals of the unit normal quantiles are provided by the black dashed lines.

imprecisely fitted kurtosis with respect to the prediction of tick burden on roe deer

is beyond the scope of this thesis.

For male ticks the stepwise parameter selection choose the age, sex and body mass
of roe deer as well as temperature and precipitation depth to represent the tick dis-

tribution with a minimal AIC. of 552.976 (see Table 4.7). Thereby, the precipitation
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Figure 4.14: Partial effects with respect to the mean for the automatically selected parame-
ters on mature tick burden (black lines) on roe deer. Dash lines represent the point-wise
standard errors and gray circles correspond to the residuals of the fit.

depth was modeled with respect to the mean by a penalized B-spline term, which

showed a lower abundance of male ticks on roe with increasing rainfall (see Figure

4.14). However, this observation was not marked as significant by the GAMLSS ap-

proach and higher standard errors can be observed with precipitation depths larger

than 3 mm, such that the model becomes less reliable beyond this threshold. In con-

trast to this, the linear temperature and host body mass terms of the male tick model
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Table 4.9: Mean and dispersion coefficients of the models generated by automatic param-
eter selection based on the GAIC for each tick life stage/sex.

Males Females Nymphs Larvae

(Intercept) 2,471 +1,482' -0,237 £ 0,232 -1,659 + 3,520 -2,817 + 2,354
Fawns -1,097 + 0,469* -0,401 + 0,215' -1,879 + 1,443 -0,351+ 1,197
Yearlings 0.100 + 0.364 0.542 +0.281" 2.554 +1.163* -0.379 £ 0.387

g Female roe deer -0.631 + 0.231** x x -1.026 £ 0.412'

E Temperature 0.091 £ 0.025%** x 0.511 + 0.067*** x
Body mass -0.361 + 0.170* x -0.675 + 0.390' -0.026 + 0.310
pb(Precip.) -0.052 £ 0.041 -0.088 + 0.032** -0.535+0.369 -0.022 + 0.042
pb(Temp.) x 0.165 + 0.020*** x 0.269 + 0.068***
(Intercept) 9.080 + 3.600* 5.830 £ 2.140** 1.833 £ 0.655** 14.209 £ 3.377***

= Fawns -3.038 + 1.081** -2.378 £ 0.726%* -37.963 £ 0.655*** x

.g Yearlings -1.422 £ 0.773' -0.859 + 0.491" 1.208 £ 0.852 x

E Temperature -0.114 + 0.052* -0.104 = 0.029*** x -0.847 £ 0.207***

:5 Body mass x -0.519 + 0.265' x x
Precipitation x x x -2.023 £ 0.697**
pb(Body mass) -0.904 +0.470' x x x

Significances: ' P < 0.1; * P < 0.05;** P < 0.01; *** P < 0.001; x = not included in model

were significant, whereby temperature correlated positively and body mass nega-
tively with the mean of the tick burden. However, a comparison of the coefficients
of both effects shows that body mass has a stronger influence on male ticks than
temperature (Table 4.9). Moreover, the model predicts a decrease in dispersion with
temperature and body mass, such that host body mass modeled by a smoothing
spline has a larger impact on the dispersion than temperature. With respect to host
sex, male roe deer are highly significantly more infested by male ticks than female
roe deer. Furthermore, the models predicts significantly less male ticks on fawns
than on adult roe deer, while yearlings showed not significantly deviations from
adult individuals with respect to male tick burden. Additionally, the predictions of
the model show a highly significantly lower dispersion for fawns and a marginally

significantly lower dispersion for yearlings in comparison to adult roe deer.

For female ticks the GAMLSS approach selected the parameters host age, precipita-
tion depth and temperature with respect to the minimization of the GAIC (Table 4.9
and Figure 4.14). The resulting AICc-value of the female tick model was 891.9 and
thus lower than any of the manually composed models. Thereby, the precipitation

and temperature terms were both modeled by a penalized B-spline and marked to
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be highly significant. Within this context, a decrease of the female tick burden on roe
deer was registered above a precipitation depths of about 2 mm, whereby the un-
certainty of the model increased for higher precipitation depths. A peak for female
infestation intensity was detected temperatures around 15 °C. A comparison of the
magnitude of the influences of the two climatic factors on the female tick abundance
shows that the impact of temperature is stronger by a factor of almost 2 than pre-
cipitation. In addition to this, the model predicts on a marginally significant level
more females on yearlings and less on fawns in comparison to the group of adult roe
deer. For the dispersion of the female tick data the model showed a highly significant
decrease for fawns and an almost significant one for yearlings, while with rising tem-
peratures the dispersion reduced in a highly significant manner. Moreover, host

body mass has a marginally significant negative influence on the dispersion.

For the modeling of the nymphal tick burden on roe deer the host age and body
mass, temperature and precipitation were selected to reach a minimal AICc-value of
187.8 (Table 4.9 and Figure 4.15). Temperature was modeled as a linear term, such
that it correlated positively with nymphs at a highly significant level. In contrast to
this, the precipitation was represented by a spline predicting a minimal intensity of
nymphs at about 2 mm, while the standard errors beyond precipitation depths of
4 mm increased distinctly, suggesting a cautious handling of predictions within this
range. Furthermore, a linear relationship of host body mass on the occurrence of
nymphs approached a level of significance, whereby heavier roe deer carried less
nymphs. In addition to this, the model predicts significantly more nymphs on year-
lings than on adult roe deer, while fawns in comparisons to adult individuals,
showed no significant differences. However, with respect to the dispersion of the
nymphal data fawns had a highly significant negative influence, while yearling did

not alter the dispersion significantly.

For larvae, host age, sex and body mass were included in the model as well as penal-

ized B-spline terms of precipitation and temperature to represent the mean of the
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Figure 4.15: Mean partial effects of the models for nymphal and larval tick burden (black
lines) on roe deer generated by the automatic parameters selection approach. Dashed lines
correspond to the standard errors and gray circle are the partial residuals of the fit. Note
that the sex of roe deer was not included into the nymph model.

dataset (Table 4.9 and Figure 4.15). Thereby, temperature had a highly significant

impact on larval infestations of roe deer, which was constantly high for tempera-
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tures above 9 °C. In contrast to this, the precipitation depth and host body mass were
not marked by the GAMLSS approach as significant, although both parameters
helped to reduce the AIC. of the optimized model to a value of 162.4. The non-signif-
icance of both parameters is also underline by their corresponding plots in Figure
4.15, where they showed either partials effects close to 0 or large standard errors.
Similar to this, the model predicts no significant changes of larval infestation with
host age. Nevertheless, the predictions show, at a level approaching significance,
that female roe deer have less larva than male roe deer. The modelling of the disper-
sion in the larval data reveals the highly significant influences of temperature and
precipitation depth, which correlate negatively, while the effect precipitation is

stronger than that of the temperature.

In summary, all automatically GAIC-optimized models had a lower AIC: than the
manually created ones (cf. Table 4.7) and thus represented the datasets more pre-
cisely from an information theoretical point of view. Additionally, all models con-
tained temperature as a linear or as a spline-based smoothing term with a significant
influence on the mean tick burden. The age of roe deer was also included in all 4
models, whereby fawns were at least significantly less infested by mature ticks than
adult roe deer. The models also demonstrated that males and larvae preferred male
roe deer over females, which could be an indication for sex-biased tick parasitism.
Furthermore, precipitation depth was selected by the optimization scheme for all
models, whereby a significant effect was only determined for female ticks. The effect
of rainfall on tick burden on roe deer is illustrated by Figure 4.16, which shows that
abundance of all three life history stages was close to zero when the mean monthly

precipitation was approaching 2 mm.

Similar to the manually selected models, the fits estimated by the automatic param-
eter selection possess residuals that follow approximately a normal distribution. As
shown in Table 4.10 the mean and the variance of each model approach 0 and 1,
respectively, while their skewness is nearly 0 and their kurtosis is almost equal to 3.

These, observations are underlined by the worm plot in Figure 4.17, which shows
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Figure 4.16: Average precipitation depth (bar plots) for each sampling period in relation to
all tick life history stages (line plots).

Table 4.10: Statistical moments (i.e. mean, variance, kurtosis and skewness) for the resid-
uals of the models generated by automatic GAIC-based parameter selection with respect
to roe deer and each tick life history stage.

Males Females Nymphs Larvae
Mean 0.068 0.061 0.009 -0.055
Variance 0.892 0.896 0.873 0.995
Kurtosis 3.290 2.934 2.976 2.639
Skewness -0.224 -0.030 -0.172 0.049

for all 4 models that salmost all observations are within the 95% confidence regions

bounded by the elliptical curves.

Again, the interpretation patterns from (van Buuren and Fredriks 2001) can be used
to judge the goodness of the fits. For the male model the plot in Figure 4.17 shows
that the worm passes slightly above the origin, has an approximately negative slop
and an inverted U-shape. Correspondingly, it can be assumed that the fitted mean is
slightly too small, the variance marginally too large and fitted distribution is too
skewed to the right. The observations with respect to the mean and the variance of
the male models also hold true for the female model, whereas the skewness of the

female tick model fitted more accurately to the dataset, since no U-shaped worm
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fit through the residuals to facilitate the visual interpretation of the plots. The 95% confi-
dence intervals of the unit normal quantiles are given by the black dashed elliptical lines.

was observed. The worm plot of the nymphal tick model revealed a similar behavior

with respect the residuals to those of the male model (variance slightly too large and

marginally too skewed to the right), whereby the worm passed closer to the origin

and it can be assumed that the estimated mean fits more accurately to the distribu-

tion. In contrast to this, the worm plot of the larva model has an S-shape with its left

sloping upwards, such that the tails of the fitted distribution are too heavy.
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Although the aforementioned interpretations emphasize the minor imprecisions of
the generated models, it has to be kept in mind that in none of the worm plots did
the observations exceeded the confidence intervals, while all statistical moments of
the residuals approached those of the normal distribution and the AICc-values of the
automatically optimized models were lower than those of the ones generated by
manual parameter selection. Consequently, the latter 4 models can be seen as the

best possible fit to the tick datasets in terms of the GAMLSS approach.

In addition to the models above, a simple model of tick life history stage intensity in
relation host body mass modeled by a penalized B-spline were computed using the
GAMLSS algorithm. Figure 4.18 shows the partial effects for the host body mass on
the tick burden with respect to each host age and each tick life stage/sex. In princi-
ple, on adult roe deer the number of ticks increases with rising host body mass,
whereby the predictions of the simple models for nymphs and larvae show large
uncertainties due to missing data for low and high masses. For yearlings the fits re-
veal peaks of the tick burden at a body mass of about (5 kg®75)1/0.75 = 8.54 kg and of
about (7 kg®75)1/0.75 = 13.4 kg throughout all tick life history stages. However, when
looking for an overall trend with respect to yearlings a slight marginally significantly
negative correlation (Pearson’s p = -0.313, P = 0.071) of host body mass with tick
burden can be noticed. With respect to fawns, increasing host body mass reduced
the intensity of tick infestations, whereby the models for nymphs and larvae show
high standard errors for higher body masses, which are again caused by missing
data. Nevertheless, the overall number of ticks on fawns correlated negatively with

body mass at a highly significant level (Pearson’s p =-0.495, P = 0.001).

Due to the limited number of ticks (n = 46) collected from wild boar, only a single
model has been computed including all tick life history stages using GAMLSS with
automatic parameter selection considering the same variables as for roe deer. The
resulting model includes a smoothened precipitation depth term and a linear tem-
perature term to represent the mean of the tick burden on wild boar as well as the

temperature to model the dispersion of the distribution. The model coefficients in
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Figure 4.18: Mean partial effects for roe deer body mass on the tick burden with respect to
each host age and each tick life stage/sex estimated by the simple model: Ticks ~ pb(Body-
Mass).

Table 4.11 show that the intercepts and the temperature had a significant influence
on the tick intensity, whereas precipitation depth was not marked as significant.
However, a look at the plots on the left of Figure 4.19 suggests that the tick intensity
on wild boar was highest for precipitation depths between 7 and 8 mm, while more
ticks were generally present with rising temperature. Furthermore, the dispersion

of the dataset decreased when the temperature were higher.
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Table 4.11: Mean and dispersion coefficients with significance levels for the model gen-
erated using automatic parameter selection based on the GAIC for ticks on wild boar.

Coefficients
(Intercept) -3.709 + 0.572%**
mean pb(Precipitation depth) 0.048 £ 0.060
Temperature 0.191 £ 0.057***
dispersion (Intercept) 4.247 + 0.854***
P Temperature -0.268 + 0.120*
Mean
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Figure 4.19: Mean partial effect plots (left) for the model generated by the GAMLSS ap-
proach using automatic parameter selection with respect to overall tick burden on wild
boar. Standard errors and residuals in the effects plots are represented by the dashed lines
and by gray circles, respectively. The corresponding worm plot is shown on the right.

With respect to the quality of the fit, the residuals of the resulting model approach a
mean of 0 (0.037) and a variance of 1 (0.931). The kurtosis of the residuals was ap-
proximately 3 (3.060) and the skewness approached a value of 0 (-0.040). Conse-
quently, the distribution of residuals follows approximately a normal distribution
and, therefore, the model represents an accurate fit to the wild boar dataset. The

worm plot on the right of Figure 4.19 underlines the quality of the model as all ob-
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Table 4.12: Coefficients and odds ratios from the multinomial logistic regression with re-
spect to the composition of the tick population. Reference categories, i.e. baselines, are
displayed for ease of interpretation.

Males Nymphs Larvae
Effects coeff. od(_ls coeff. od(?s coeff. od(_ls
ratio ratio ratio
(Intercept) -1.393"  0.248 2.163™ 8.696 -0.067 0.935
Host Roe deer (Baseline) (Baseline) (Baseline)
species Wild boar -1.142 0.319 -1.747" 0.174 -20.186 0.000
Host Male (Baseline) (Baseline) (Baseline)
sex Female -0.390" 0.677 -0.334 0.716 -1.597* 0.202
Body Ears (Baseline) (Baseline) (Baseline)
part Head & Neck -18.237 0.000 -21.506 0.000 -1.353" 0.258
F.legs & Stern. -0.441 0.644  -5.394™  0.005 -3.274™  0.038
H.legs & Abdom. 0.224 1.251  -4.128™ 0.016 -6.234™ 0.002
Month Jan 0.478 1.613 -17.485 0.000 -14.654 0.000
Apr 0.257 1.294 -17.363 0.000 -17.744 0.000
May (Baseline) (Baseline) (Baseline)
Jun -0.167 0.846  -2.150™ 0.116 -1.416™ 0.243
Aug -15.989 0.000 1.233 3.431 0.233 1.262
Sep 0.408 1.505 2.376™ 10.758 2.585™  13.258
Nov 0.685™ 1.985  -4.023™ 0.018 -17.606 0.000
Dec 0.475' 1.608 -17.484 0.000 -14.836 0.000
Body mass -0.005 0.995 -0.023 0.977 0.102* 1.107

Significances: 'P < 0.1, P < 0.05,” P <0.01, ™ P <0.001

servations lie within the confidence interval and the worm only has a slightly in-
verted U-shape, which could suggest that the fitted distribution is marginally too
skewed to the right.

4.1.6 Modeling the composition of the tick population

The results of the multinomial logistic regression are shown in Table 4.12. In prin-
ciple, the regression approach results can be interpreted as three individual models,
whereby each model compares female ticks, the reference group, to one of the other
life history stages. The estimated coefficients and odds ratios of the intercepts show

for the reference group (i.e. TickStage = Female, HostSpecies = roe deer, Host sex =

140



Tick burden - Results

male, Body part = Ears and Month = May) that the chance of finding male ticks is
significantly lower in comparison to female ticks. In contrast to this, the likelihood
of finding nymphs on the ears of male roe deer during May is significantly higher
than that of finding female ticks. For larvae no significant effect in relation to the

reference group was detected.

The effect of host species on the tick population was only significant for nymphs.
Here, the proportions of nymphs relative to females were significantly lower on wild
boar than on roe deer. A similarly directed, but not significant effect can be seen
registered for males and larvae. On the other hand, the sex of the hosts, played a
significant role for the proportions of female and male ticks as well as for females
and larvae, such that the occurrence of males and larvae was less likely than that of
L. ricinus females on female hosts. Accordingly, female ticks appear to have a higher
probability of occurrence on male hosts. The body part on which ticks were found,
influenced the composition of the tick population with respect to the immature life
history stages on a highly significant level. The ratio of nymphs to females and of
larvae to females was considerably lower on legs, sternum and abdomen than on the

ears. For larvae this negative effect was also observed with respect to head and neck.

Relating to the sampling periods, significant changes were determined for all three
life history stages in comparison to female ticks, but for different months. During
November and December male in comparison to female ticks were more likely to be
found than in May. For nymphs a highly significant increase of the occurrences in
relation to females were determined during June and November with respect the
reference period. Moreover, nymphs were significantly more likely than females
during September than during May. Similar seasonal proportions were observed for
larvae, where the positive and negative effects were at a highly significant level dur-
ing June and September, respectively. The body mass of both host species had a sig-
nificantly positive effect on the proportions between larvae and females, such that

larvae become more likely than female ticks with higher body mass.
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Figure 4.20: Predicated probabilities of all ticks life history stages models by multinomial
logistic regression in relation to host species, host sex, body region, body mass and sampling
period. Reference groups, i.e. baselines, are marked with .

The predicted probabilities for the independent variables included in the model are

presented Figure 4.20. The plots for roe deer (left) and wild boar (right) underline

142



Tick burden - Results

Table 4.13: Distribution of collected tick life history stages in relation to roe deer and wild
boar body regions.

Ears Head Neck Forelegs Hind legs Sternum Abdomen Total
n % n % n % n % n % n % n % n %
Roe deer 577 354 8 05 13 08 7 04 39 24 217 133 723 444 1584 97.2
Females 77 47 1 01 13 08 2 01 30 18 179 11.0 487 299 789 48.4
Males 16 1.0 1 01 9 0.6 27 1.7 159 9.8 212 13.0
Nymphs 352 216 3 0.2 74 4.5 429 26.3
Larvae 132 81 7 04 4 03 8 0.5 3 0.2 154 9.5
Mating 18 1.1 2 01 2 01 34 21 212 130 268 16.4
Wild boar 14 0.9 5 0.3 27 1.7 46 2.8
Females 9 0.6 5 0.3 23 1.4 37 2.3
Males 2 0.1 2 0.1 4 0.3
Nymphs 3 0.2 2 0.1 5 0.3
Total 591 363 8 05 13 08 7 04 39 24 222 13.6 750 46.0 1630 100.0

the effect of host species, as the composition of the tick population between both
species is predicted to be considerably different. Moreover, the significant influence
of the sampling periods on the proportions of males, nymphs and larvae in relation
to females is supported by the visibility of the spring and autumn peaks for the im-
mature tick life history stages (first roe of Figure 4.20). The positive effect of body
mass on the proportions of larvae can only be observed for roe deer since no larvae
were found on wild boar. Furthermore, the significant influences of attachment sites
and host sex on the composition of the population is underlined by the correspond-

ing bar plots.

4.1.7 Attachment site analysis

An overview of how the tick life history stages were distributed over the body parts

of roe deer and wild boar is given in Table 4.13.

On roe deer, female ticks were predominantly found on the abdomen, followed by
sternum and ears. Males were found with similar relative proportions, but with a
lower intensity. Mating ticks were collected most frequently from the abdomen. In
contrast to this, the immature life history stages were mostly collected from the ears.
No males were found on the head and neck, nymphs were not collected from head,

neck and legs, while no larvae were removed from the neck and hind legs.
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Table 4.14: Friedman test for tick densities showing the mean rank for roe deer body parts
with respect to each season and for the total study period.

Jan/Feb Mar/Apr May/Jun Sep/Oct Nov/Dec Study
5.90 Abdomen 8.00 Sternum 7.38 Ear 7.64 Abdomen 5.59 Abdomen 5.86 Abdomen
4.37 Sternum 7.00 Abdomen 6.81 Abdomen 6.55 Ear 447 Hind Legs 4.76 Ear
" 4.29 Ear 3.50 Ear 5.74 Sternum 4.09 Sternum 4.44 Sternum 4.54 Sternum
< 429 Head 3.50 Head 3.55 Head 3.55 Head 443 Ear 4.26 Hind Legs
& 429 Neck 3.50 Neck 3.29 Neck 3.55 Neck 4.28 Head 4.17 Head
4.29 FrontLegs 3.50 FrontLegs 3.24 FrontLegs 3.55 FrontLegs 4.28 FrontLegs 4.15 Neck
4.29 HindLegs 3.50 HindLegs 3.00 Hind Legs 3.55 HindLegs 4.26 Neck 4.15 Front Legs
590 Abdomen  8.00 Sternum 7.26 Abdomen  7.45 Abdomen 5.59 Abdomen = 5.89 Abdomen
4.37 Sternum 7.00 Abdomen 6.07 Sternum 4.73 Ear 448 Hind Legs 4.60 Sternum
» 429 Ear 3.50 Ear 540 Ear 4.50 Sternum 4.44 Sternum 4.47 Ear
S 429 Head 3.50 Head 3.64 Neck 3.86 Head 441 Ear 4.31 Hind Legs
Eé 4.29 Neck 3.50 Neck 3.40 Head 3.86 Neck 4.28 Head 4.20 Neck
4.29 FrontLegs 3.50 FrontLegs 3.40 FrontLegs 3.86 FrontLegs 4.28 FrontLegs 4.18 Head
4.29 Hind Legs 3.50 HindLegs 3.40 HindLegs 3.86 Hind Legs 4.26 Neck 4.18 Front Legs
520 Abdomen 8.00 Abdomen 6.17 Abdomen 7.36 Abdomen  5.15 Abdomen 5.37 Abdomen
w» 447 Sternum 5.50 Sternum 5.29 Sternum 4.09 Ear 4.55 Hind Legs 4.50 Sternum
ir; 4.39 Ear 3.75 Ear 5.26 Ear 4.09 Sternum 4.43 Ear 4.47 Ear
= 439 FrontLegs 3.75 FrontLegs 3.86 FrontLegs 4.09 FrontLegs 4.42 Sternum 4.43 Hind Legs
439 HindLegs 3.75 HindLegs 3.86 Hind Legs 4.09 HindLegs 4.38 FrontLegs 4.32 FrontLegs
5.90 Abdomen 8.00 Sternum 7.31 Abdomen 7.45 Abdomen 5.53 Abdomen 5.86 Abdomen
4.37 Sternum 7.00 Abdomen  6.02 Sternum 4.73 Ear 449 Hind Legs 4.59 Sternum
© 429 Ear 3.50 Ear 5.40 Ear 4.50 Sternum 445 Sternum 4.48 Ear
Té 4.29 Neck 3.50 Neck 3.64 Neck 3.86 Neck 442 Ear 4.32 Hind Legs
S 429 Head 3.50 Head 3.40 Head 3.86 Head 4.29 Head 4.21 Neck
4.29 FrontLegs 3.50 FrontLegs 3.40 FrontLegs 3.86 FrontLegs 4.29 FrontLegs 4.19 Head
4.29 HindLegs 3.50 HindLegs 3.40 Hind Legs 3.86 HindLegs 4.27 Neck 4.19 Front Legs
“ - - - - 5.17 Ear 5.86 Ear 4.52 Ear 4.65 Ear
E* - - - - 4.64 Abdomen 5.86 Abdomen 4.50 Abdomen  4.57 Abdomen
2 - - - - 452 Sternum 4.05 Sternum 450 Sternum 4.48 Sternum
- - - - 8.00 Ear 6.41 Ear - - 490 Ear
® - - - - 4.50 Sternum 4.23 Sternum - - 4.49 Sternum
s - - - 4.36 Head 4.23 Head - - 4.47 Head
3 - - - - 4.05 Abdomen  4.23 Abdomen - - 4.45 Abdomen
- - - - 4.02 FrontLegs 4.23 Front Legs - - 4.45 Front Legs
5.12 Abdomen 7.50 Abdomen 6.14 Abdomen 7.05 Abdomen 5.00 Abdomen 5.23 Abdomen
& 4.48 Sternum 6.00 Sternum 5.14 Sternum 4.14 Sternum 4.47 Sternum 4.53 Sternum
'% 440 Ear 3.75 Ear 4.83 Ear 414 Ear 4.47 Ear 4.47 Ear
= 440 FrontLegs 3.75 FrontLegs 3.98 FrontLegs 4.14 FrontLegs 4.43 FrontLegs 4.36 FrontLegs
4.40 HindLegs 3.75 HindLegs 3.98 HindLegs 4.14 Hind Legs 4.43 Hind Legs  4.36 Hind Legs

On wild boar, ticks were only found at the ears, sternum and abdomen, whereby no

immature ticks were registered from the sternum. The abdomen was the preferred

body part of males and females, while nymphs were slightly more likely on the ears.

The results for the seasonal analysis using the Friedman test on the tick densities of

the roe deer body parts are given in Table 4.14. The ranking shows that larvae were

only found on roe deer in the sampling seasons May/June and September/October
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with significant differences (P < 0.05) in their preferred feeding sites. In May/June
most larvae were found on the ears followed by sternum, head and abdomen. Simi-

larly, in September/October the ears were clearly preferred.

Nymphs were found on roe deer in May/June, September/October and Novem-
ber/December, whereby significant feeding site preferences (P < 0.05) were ob-
served during May/June and September/October. During these periods, nymphs
preferred the ears followed by the abdomen. In contrast to this, female ticks were
found on roe deer throughout the year, primarily selecting the abdomen (P < 0.05),
except for March/June when females showed a slight preference for the sternum
over the abdomen. The sternum was ranked second for females during January/Feb-
ruary and May/June, while for September/October it was replaced by the ears and
for November/December by the hind legs. The feeding site distribution of male Ix-
odes on roe deer was comparable to that of the female ticks: males preferred the
abdomen, followed by sternum, except for September/October when the ears were
ranked second and during November/December with the hind legs were ranked af-
ter the abdomen. Thus adult ticks selected the abdomen and the sternum as their
favorite attachment and feeding sites, while the ears were more frequented in Sep-

tember/October and the hind legs during November/December.

Overall, the ticks on roe deer significantly preferred the abdomen during winter
(November to February), but tended to sternum and ear during warmer months
(March to June). Mating occurred predominantly at the abdomen and sternum, fol-
lowed by the ear, with no seasonal variation present. For the total study period, the
abdomen, ear and sternum were the top ranked attachment sites for all ticks. Males
and females primarily preferred the abdomen, followed by the sternum, while

nymphs and larvae choose the ear as their primary feeding site.
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Figure 4.21: Regression analysis for roe deer showing the relation between the percentage
of tick life stage/sex using the preferred attachment site and the total number of the same
life stage/sex on the entire host body.

For the test of the IFDH on ticks from roe deer, Pearson's correlation coefficients
(males: p = 0.542, P < 0.001; females: p = 0.248, P < 0.001, nymphs: p = 0.608, P <
0.001, larvae: p =0.423, P < 0.001) and the regression analyses in Figure 4.21 show
that in relation to each tick life stage/sex the percentage of ticks attached to the top
ranked body part increased with the total number of the same life stage/sex found

on the entire host body in a highly significant manner.

Ticks on wild boar were predominantly found on the abdomen (see Table 4.15)
throughout the total period of sampling, although male ticks and nymphs were
mainly found on the ears, which ranked second for female ticks. Ticks from wild boar
were not found at the head, neck, front or hind legs or on the main body. Significant

differences in feeding site selection were detected between May/June and Novem-
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Table 4.15. Friedman test for tick densities showing the mean rank for wild boar body parts
with respect to each season and for the total study period.

May/Jun Sep/Oct Nov/Dec Study

Ticks 6.83 Ear 5.10 Sternum 4.64 Abdomen 4.61 Abdomen

4,17 Sternum 5.10 Abdomen 4,53 Sternum 4,53 Ear

4,17 Abdomen 4.30 Ear 4,51 Ear 4,52 Sternum
Adults 6.83 Ear 5.20 Sternum 4.64 Abdomen 4.60 Abdomen

4,17 Sternum 4.40 Ear 4,53 Sternum 4,53 Ear

4,17 Abdomen 4,40 Abdomen 4,51 Ear 4,53 Sternum
Males 5.67 Ear - - 4.51 Abdomen 4,51 Ear

4.33 Abdomen - - 4.50 Ear 4.51 Abdomen
Fe- 6.83 Ear 5.20 Sternum 4.64 Abdomen 4.60 Abdomen
males 4.17 Abdomen 4.40 Abdomen 4.53 Sternum 4.53 Sternum

4,17 Sternum 4.40 Ear 4,51 Ear 4,53 Ear
Nymp  5.67 Ear 5.20 Abdomen - - 4.51 Ear
hs 4.33 Abdomen 4.40 Ear - 4.51 Abdomen

ber/December, with the ears ranking first in the warm months. In winter (Novem-
ber/October) the abdomen was the primary feeding site. Females slightly preferred

the sternum second to the abdomen during November/December.

The correlation and regression analyses for the test of the IFDH on ticks sampled
from wild boar did not deliver acceptable results due to the limited number of ecto-

parasites found.

4.1.8 Niche breadth analysis

During the total study period, adult female ticks showed the lowest specialization in
their selection of the feeding site on roe deer, followed by larvae and adult male ticks
(see Table 4.16). Nymphs were most specialized in their choice of feeding site. How-
ever, a paired t-test showed that niche indices differed significantly only between
males and females (t =-4.322,df =78, P < 0.001), females and nymphs (¢t = 2.568, df
=12,P =0.025) and females in comparison with larvae (t = 3.881, df = 26, P =0.001).

In contrast to this, there were no significant differences between the Levin indices
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Table 4.16. Monthly averaged standardized Levin index of niche breadth for roe deer with
respect to each study period and for the total study.

Sep/Oct 2011 Nov/Dec 2011 Jan/Feb 2012 Mar/Apr 2012 May/Jun 2012 Jul/Aug 2012 Sep/Oct2012
Ticks 0£0 0.005+0.023 0.016+0.044 0.136+0.006 0.158+0.072 0.025+0.000 0.076 +0.050
Adults 0£0 0.005+£0.023 0.016+0.044 0.136+0.006 0.103+0.083 0.143+0.000 0.042+0.083
Males 0£0 0£0 0.038+0.054 0.070+0.070 0.048 +0.058 x 0£0
Females 0£0 0.006 £0.029 0.017 +0.045 0.121+0.007 0.105%0.084 0.143+0.000 0.044 +0.087
Nymphs x x x x x 0+£0 0.026 £ 0.047
Larvae x x x x 0.002 £ 0.008 0£0 0£0
Nov/Dec 2012 Jan/Feb 2013 May/Jun 2013 Sep/Oct2013 Nov/Dec 2013 Jan/Feb 2014 Study
Ticks  0.018 + 0.044 0£0 0.109 £ 0.084 00 0.008 £ 0.029 00 0.038 £ 0.068
Adults  0.019 £ 0.044 0£0 0.157 £ 0.137 0+0 0.008 +0.029 0+0 0.033 £0.070
Males  0.007 +0.031 0£0 0.100 £ 0.076 00 0.007 £0.023 00 0.018 £ 0.046
Females 0.024 +0.052 0£0 0.156 + 0.138 00 0.011 £ 0.035 00 0.035+0.073
Nymphs 0£0 x 0.005 £ 0.005 x x x 0.016 £ 0.037
Larvae x x 0.090 £ 0.122 x x x 0.024 £ 0.072

x = tick live history stage not found

of males and nymphs, males and larvae or between nymphs and larvae. Taking sea-
sonal differences of attachment sites into consideration, the widest niche breadth
overall was detected in May/June 2013 as well as in May/June 2012, followed by
March/April 2012 and in July/August 2012 (see Table 4.16).

Female ticks showed the lowest specialization followed by males. Consequently,
adult ticks showed less specialization in their feeding site selection than nymphs
and larvae. An exception was the period between May and June 2013 when larvae
showed a wide niche breadth, whereas nymphs were very specialized in their at-
tachment site choice. As shown by the results of the seasonal analysis using the GLM
in Table 4.17, niche breadth of female ticks was significantly higher from March to
August compared to the reference season, i.e. the months November and December.
In particular, in May and June these differences were highly significant (P < 0.001).
For males, the niche breath from March to June was also significantly higher than

during the colder months (September to February). In contrast to this, nymphs and
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Table 4.17: Results of the estimated GLMs describing the variances of niche breadth
(Levin index) for each tick life history stage and sex on roe deer.

Ticks Adults Males Females = Nymphs Larvae

Intercept  0011° 0011 0.005 0013 0000  0.000
jan/Feb 0003 0003 0008  -0.006 . .
Mar/Apr 0125  0125°  0.065°  0.108° . .
May/jun 0131  0.08™ 0059 0107 0005  0.032
jul/Aug 0015  0.132° . 0129°  -0.000  0.000
Sep/Oct  0.051"* 0024  -0005 0023 0025  0.000
Nov/Dec 4000 0000 0000 0000  0.000 ]

2 Reference period; x no tick life stage/sex found; Significances: * P < 0.05; * P < 0.01; ** P < 0.001

larvae showed no significant differences with respect to the niche breadth. Never-
theless, for the entirety of the collected ticks the niche breadths of the months March

to June, September and October were significantly different to the reference season.

Due to the low total number of ticks found on wild boar the computation of the Levin
index and the subsequent estimation of the GLM did not deliver reasonable results.
Therefore, an analysis of the niche breath and the evaluation of the spatial feeding
site overlap, presented in the following section, was not conducted for the ticks from

wild boars.

4.1.9 Spatial niche overlap

Niche overlap using Pianka's index was determined for the different tick life history
stages and sexes on roe deer (Table 4.18). The highest niche overlap for the total
sampling period was found between male and female ticks (0.72), followed by
nymphs-larvae, females-larvae, males-larvae, females-nymphs and males-nymphs.
For the individual sampling seasons, the highest overlap between males and females
was observed during May/June 2012 and 2013. Similar peaks during May and June
in existed for all other tick life stage/sex constellations. The high significances were

verified by the GLM (Table 4.19).
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Table 4.18: Pianka’s index of spatial niche overlap for ticks on roe deer with respect to each
study period and for the total study.

Sep/Oct 2011 Nov/Dec 2011 Jan/Feb 2012 Mar/Apr 2012 May/Jun 2012 Jul/Aug 2012 Sep/Oct 2012

Adults-

- « x x x x 00 0.257 + 0.487
?::i;se' x x x x 0301+ 0.371 00 0.210 +0.395
Fl\e’[;’:;fes 00 0.195£0.391 0.116+0.491 0.716+0.716 1.115*1.965 x 0£0
NI\;I;E;-S " x x x x x 0£0
]li/;lve;e x x x x 0.321 + 0.437 x 0£0
T\;e;ﬁii x x x x x 00 0.209 +0.392
FE;TE]:: x x % x 0.281 + 0.359 0+0 0.210 + 0.395
Ng;;s:: x x x x 0£0 1.000 £ 0.000 0.251 + 0.408
Nov/Dec 2012 Jan/Feb 2013 May/Jun 2013 Sep/Oct 2013 Nov/Dec 2013 Jan/Feb 2014 Study
[?;:11;;-3 0+0 x 0.251 £ 0.255 x x x 0.016 £ 0.120
?g:‘l,:; x x 0.362 £ 0.323 x x x 0.035 + 0.160
F“:}fjjfes 0.049 + 0.226 0£0 1195 + 1.891 0£0 0.060 + 0.417 0£0 0.179 £ 0.720
Nl\;xzi-s 0+0 x 0.195 + 0.324 x x x 0.006 +0.063
Ili’;if:e x x 0.223 +0.312 x x x 0.024 +0.142
FNE;‘;‘;ESS 00 x 0.246 £ 0.253 x x x 0.015 +0.103
Figif; x x 0.372 0333 x x x 0.034 +0.158
Ng;?g:; x x 0.518 + 0.459 x x x 0.028 £ 0.159

x = at least one live history stage not found

In addition, females, nymphs and larvae showed a significantly increased overlap in

September/October compared to the reference months November and December.

However, the strongest niche overlap on roe deer appeared during July and August

between nymphs and larvae (P < 0.001). For other months and life stage/sex con-

stellations no significant changes in the spatial feeding site overlap were detected.

Thus niche overlap seems be positively associated with the warm summer months

(May to August).
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Table 4.19: Results of the parameter estimation using GLMs analyzing the variance of the
spatial niche overlap (Pianka’s index) between different constellations of tick life history

stages and sexes on roe deer.

Males- Males- Males-  Females- Females- Nymphs-
Females Nymphs Larvae @ Nymphs Larvae Larvae
Intercept  0.100" 0.000 -0.000 -0.000 0.000 -0.000
Jan/Feb -0.051 0.000 0.000 0.000 0.000 0.000
Mar/Apr 0.616 -0.000 0.000 0.000 -0.000 0.000
May/Jun  1.042™  0.065™  0.288™  0.082"™  0.312™ 0.173"™
Jul/Aug -0.100 -0.000 0.000 0.000 -0.000 1.000™
Sep/Oct -0.100 0.000 -0.000 0.171™  0.172* 0.206™
Nov/Dec? 0.000 0.000 0.000 0.000 0.000 0.000

a8 Reference period; Significances: * P < 0.05; ™ P < 0.01; ™ P < 0.001
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4.2 Discussion

The necessity for long-term studies in parasite and vector ecology using a suffi-
ciently large sample size to allow a comprehensive statistical evaluation has been
confirmed by my study. Only such studies can provide generally valid, raw data able
to evaluate the seasonal and annual dynamics of the epidemiology of tick-borne dis-
eases. For example, the high larval abundance on roe deer in May 2013 was signifi-

cantly different from that of the other year of the study.

4.2.1 Ticks onroe deer
4.2.1.1 Tick species and life history stages

I ricinus was the dominant species on roe deer in several other European studies
(Talleklint and Jaenson 1997, Carpi et al. 2008, Skotarczak and Adamska 2008,
Kiffner et al. 2010a, Vor et al. 2010, Vazquez et al. 2011, Handeland et al. 2013).
However, single findings of D. marginatus, D. reticulatus and I. hexagonus on roe deer
have been reported (Talleklint and Jaenson 1997, Dautel et al. 2006, Vor et al. 2010,
Vazquez et al. 2011). Recent studies using drag sampling and sampling from sheep
(Moser 2012, Neumaier 2012) showed that D. marginatus occurs in my sampling
areas in the Bienwald. Although the sampling period of my study included the main
activity phase of D. marginatus (from March to April), the finding of only a single
unattached female D. marginatus, suggests that roe deer do not play an important
role for this species. This finding confirms that I ricinus is the dominant species on

roe deer.

My results show that ticks were active on roe deer throughout the sampling period.
All tick life history stages were found, with adult females being the most frequent
making up almost 50% of the total tick infestation. Other authors found that nymphs
(Carpi et al. 2008, Kiffner et al. 2010a, Vor et al. 2010, Handeland et al. 2013) or
males (Vazquez et al. 2011) were more common on roe deer than females. In com-
parison to my study, their approaches used significantly shorter sampling periods,

seasonal sampling periods and/or collected ticks from individual body parts (e.g.
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ears, head or legs) only. Consequently, it is possible that their results were biased
towards a specific life history stage. By contrast, my finding relies on coherent long-
term sample acquisition and on the collection of ticks from the entire roe deer body.
The dominance of female I ricinus supports the hypothesis that roe deer provide
sufficient quantities of blood for egg production for large numbers of female ticks
(see Section 2.2.5), although this host species also is an important host for all other

life history stages.

The results of the multinomial logistic regression model show significant effects of
host species, sex and body part and sampling period on the composition of the tick
population (see Section 4.1.6). However, the model confirmed, that independently
of host sex, body mass and attachment site, female ticks made up the largest part of
the tick population on roe deer. Only seasonal influences led the proportions of im-
mature stages to increase during the warmer months (May to September). A similar
analysis with respect to host species, age and month was conducted by Handeland
etal. (2013) for ticks collected from only the ears of free-ranging moose (Alces alces),
red deer and roe deer in Norway, albeit for a considerably shorter sampling period
and without the differentiation between female and male ticks. Similar to my model,
they reported significant interactions between host species and sampling period
with respect to the composition of the tick population. For roe deer, they described
the relative maxima of larvae and adults occurring during August and September.
Although my study had a longer total sampling period, the maximum for larvae also

occurred consistently during these two months.

Moreover, Handeland et al. (2013) found a significant increase in the proportion of
adult ticks with increasing host size, represented by species and age. The reverse
was true for the nymphs. In contrast to this, the age of roe deer did not significantly
influence the composition of the tick population in my model directly. However, I
was able to determine a significant increase of larval proportions with body mass. A
higher body mass could be related to healthier adult animals with increased home

ranges, which therefore have a higher probability of contacting larvae, which have a
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very limited movement range (see Section 4.2.1.3). Handeland et al. (2013) also re-
ported larger proportions of nymphs on the ears than predicted by my models. Nev-
ertheless, in comparison to the rest of the body the ears of roe deer carried propor-
tionally the highest number of immature stages. This suggests that attachment sites
have a major influence on the relative proportions and on the absolute intensity of

ticks.

4.2.1.2 Tick infestation intensity

The mean tick intensity in my study was 6.4 + 21.8 ticks reaching its maximum in
May 2013 with 171.7 + 63.2. Kiftner et al. (2010a) reported that the mean tick bur-
den on roe deer was 64.5 * 10.6, Vazquez et al. (2011) found a mean intensity of
43.2 £ 49.8 tick per roe deer, Handeland et al. (2013) had an average tick abundance
on the ears of 25.0 and Carpi et al. (2008) reported that the mean number of nymphs
from roe deer forelegs was 36.0 + 5.2. For my data, the mean intensities are thus
distinctly lower than those reported by others. However, the reported peak intensi-
ties for individual months were equally high or even higher in my study. There are
multiple reasons that could lead to deviations in the average tick abundances be-
tween different studies, such as the sampling approach, seasonal dynamics caused
mainly by climatic changes, prevailing vegetation within the sampling areas, as well
as the size and the composition of host populations. For example, driven hunts were
carried out during the cold periods leading to a higher sample size between Novem-
ber and January and thus to a reduction of average tick infestation intensity. Expect-
ably, low abundances of ticks on roe deer in winter were also described by Kiffner
etal. (2011c), while they tried to achieve a consistent sample size over the year that
lay between 8 and 20 roe deer per month. On the other hand, Vazquez et al. (2011),
Handeland et al. (2013) and Carpi et al. (2008) sampled over significantly shorter
periods including the warmer months with higher tick activity (Randolph et al.
2000). Moreover, the latter two studies collected only samples from body parts (ears
and forelegs) that showed high tick infestations in other studies (Kiffneretal. 20113,
Pacilly et al. 2014), such that tick activity on the other body parts can only be esti-

mated with a bias towards higher abundances.
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All of these facts suggest that a more detailed investigation of tick abundances is
required in order to reveal the complex interactions between factors affecting tick
burden and to allow a differentiated comparison of the tick infestation intensities

over multiple studies.

4.2.1.3 Aggregation

The nymphs and larvae from roe deer appeared highly aggregated (k = 0.02 and k =
0.03, respectively). This result is clearly confirmed by my decision tree analyses (see
Section 4.1.4) and underlines similar observations for immature ticks on cervids
(Kiffner et al. 2010b, Pacilly et al. 2014) and smaller mammals (Talleklint and
Jaenson 1997, Kiffner et al. 2011c). Talleklint and Jaenson (1997) observed an ag-
gregated distribution for all life history stages of I ricinus on roe deer. One of the
main reasons for the aggregation of ticks on a few host seems to be the spatial
clumping of questing ticks (Shaw et al. 1998, Wilson et al. 2002). In particular, for
questing nymphs and larvae the degree of aggregation could be an indicator for spa-
tial variation, as well as for limited seasonal activity (Randolph 2004). L. ricinus lar-
vae commonly appear in “nests” (sites where females lay their eggs) within the leaf
litter (Petney et al. 2011) and have a very limited range of movement (Mejlon and
Jaenson 1997). The spatial locality of larvae could have the effect that only few po-

tential hosts pass their questing positions resulting in an increased aggregation.

On the other hand, by means of the decision tree analysis, [ was able to determine
that for yearlings the lowest levels of aggregation were reached for all tick life his-
tory stages, in particular for immatures. The reason for this might lie in roe deer
dispersal patterns that show increased mobility and home-ranges for yearlings in
comparison to older roe deer (Pettorelli et al. 2003). This behavior could positively
influence the probability of yearlings passing clumps of questing immature ticks.
The results of the CHAID analysis also suggests that a worse physical condition of

hosts supports the aggregation of nymphs and larvae. To a slightly lower extend this
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seems also to be true for male and female ticks. This observation could be inter-
preted such that a poor host condition leads to a reduced movement range and thus

to higher aggregation of the parasites on fewer deer (see Section 4.2.1.6).

4.2.1.4 Seasonal and annual dynamics

The intensities of infestation, ranging from 0 to 261 tick per roe deer, also corrobo-
rate the data presented by Randolph (2004), where ticks showed a high interannual
variability (cf. Vor et al. 2010). With respect to the seasonal dynamics, I observed
high tick activity of all life history stages from April to September (100%) with an
intensity peak during spring, while during winter tick prevalences reached a mini-
mum of 12.5%. Adult ticks peaked earlier in April, while the highest average inten-
sity for nymphs was recorded in May, followed by a second peak in August. A second
peak for adult life history stages was observed in September. The highest peak for
larvae was during May with a second smaller one in August, while no larvae and
nymphs were found from November to April and from December to April, respec-
tively (see Section 4.1.1). The intensity peaks correspond to the findings for roe deer
made by other authors (Walker et al. 2001, Carpi et al. 2008, Scharlemann et al.
2008, Tagliapietra etal. 2011, Vazquez etal. 2011, Handeland et al. 2013). However,
in the study of Vor et al. (2010) larvae peaked later in July with prevalences between
57.4% in autumn and 100% in spring. Nevertheless, my study is the only one that
compares results from 3 subsequent years demonstrating that tick abundance on
roe deer not only follows seasonal changes, but also can have a high variability for

the same season but between years within a single habitat.

The seasonal and annual variations in the tick burden of the different life history
stages on roe deer can be explained by climatic changes (see Section 4.2.1.5) as well
as by variations of host parameters (see Section 4.2.1.6). Additionally, the climatic
dependence of host migration behavior (Morellet et al. 2013), body mass and popu-
lation density (Mysterud and @stbye 2006b) might support the effects of climate and

thus amplify the changes of tick burden on roe deer.
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4.2.1.5 Climatic factors

The seasonal patterns of tick activity on roe deer are explained by Vazquez et al.
(2011) using the corresponding climatic variables. Estrada-Pefia has confirmed that
abiotic factors, like ambient temperature and relative air moisture, are most im-
portant and vital factors for tick development also in Spain (Estrada-Pefia 2001,
Estrada-Pefia and Venzal 2007). These factors have also been identified by others
(Harvell et al. 2002, Gray et al. 2009, Gilbert 2010) in association with the effects of
climate change on tick burden. In laboratory experiments, Randolph et al. (2002)
showed that all stages of I. ricinus developed more rapidly with increasing temper-
atures, while Gern et al. (2008) proposed that for spring fed ticks high summer tem-
peratures could lead to a second peak in autumn. This second intensity peak in Sep-
tember for immature tick life history stages on roe deer has been confirmed (Section

4.1.1).

Temperature: In addition, my correlation analyses (see Section 4.1.3) corrob-
orate a highly significant positive linear relationship between tick burden and air
temperature. Other temperature related parameters (positive correlation: min. and
max. air temperature, sunshine duration; negative correlation: cloud coverage)
were mostly significant for all life history stages. With the decision trees for males,
females and nymphs, I was able to identify a rough temperature threshold of be-
tween 8 and 9 °C, above which the infestation intensity of roe deer increased signif-
icantly (Section 4.1.4). The boxplots in Section 4.1.5 for all life history stages confirm
that the critical temperature for males and females was 8 °C, while for nymphs and
larvae a higher temperature threshold of 9 °C was determined. The studies of Kiffner
et al. (2010b) and Tagliapietra et al. (2011) found different temperature thresholds
on deer, which are higher for larvae (10 °C) than for nymphs (7-8 °C). Perret et al.
(2007) suggested that a temperature threshold of 7 °C could be employed to predict

the emergence of ticks in different areas.

During my sample acquisition single male and female ticks were found at tempera-

tures as low as -1.8 °C and very few nymphs and larvae were active at temperatures
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lower than 5.1 °C and 7.2 °C, respectively. Critical temperatures for the questing ac-
tivity of L ricinus adults have been reported between -0.6 °C and 5 °C (Sixl and Josek
1971, Duffy and Campbell 1994, Duffy et al. 1994, Schulze et al. 2001). For nymphal
activity the critical temperature has been reported to be 2 °C (Sixl and Josek 1971,
Hubalek et al. 2003). My finding of adult ticks during the winter months is the first
reporting of L ricinus activity on roe deer at such low temperatures. Moreover, this

observation shows that ticks in the Bienwald are active all-year.

The GAMLSS models developed here increase our understanding of the relations
found above. All models included a temperature term showing the strong relation
between ticks and climate, such that a clear trend with few ticks at low temperatures
and an increase of intensity with rising temperature was present. In all models, male
tick burden always increased in a significant linear fashion with temperature, while
female and larval tick burden did not increase further beyond 10 °C. Nymphs, on the
other hand, showed a bimodal behavior (peaks at 10 °C and 17 °C) with temperature
(Section 4.1.5). This observation underlines the bimodal seasonal pattern observed
for nymphs on roe deer. For the other three life history stages, the models did not
identify a bimodal pattern of mean tick intensity in relation to temperature. One ex-
planation for this behavior could be that the peaks during spring and/or autumn
were more pronounced for nymphs than for females, males and larvae (see Section
4.1.1). However, for larvae a slight bimodality at 10 °C and 16 °C was observed for
the modeling of the dispersion term, which could be an indication for bimodal sea-
sonal behavior of larvae. In contrast to the models of Kiffner et al. (2011b) in which
two intensity peaks appeared for adult ticks in relation temperature and not for
nymphs, my models support to the bimodal seasonal pattern of nymphal behavior
(Randolph 2004). This difference could be related to other environmental features

or host community related parameters intrinsic to the different sampling areas.

Relative humidity: In addition to temperature, negative correlations have been
reported for host seeking I. ricinus on vegetation in relation to relative humidity

(Jensen 2000, Perret et al. 2000, 2004, Randolph et al. 2002, Hubalek et al. 2003,
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Schwarz et al. 2009). For small mammals a significant decline of Ixodes spp. larvae
infestations with increasing relative humidity was found (Boyard et al. 2008, Kiffner
etal. 2011c). In the present study the daily average relative humidity was negatively
correlated with tick abundance on roe deer at a highly significant level not only for
larvae, but also for male and female ticks (see Section 4.1.3).For the first time, my
study employed decision tree analysis on a sample population large enough to de-
termine an activity threshold in relation to relative humidity for I ricinus larvae. The
results of the CHAID tree suggest that relative humidity plays an outstanding role
for larvae on roe deer, such that a relative humidity above 80.4% reduces the infes-

tation intensity significantly (0.052 * 0.518 vs. 1.958 + 3.632).

These observations stand in contrast to the results of the feeding experiments con-
ducted by Randolph and Storey (1999), in which larvae did not quest high in the
vegetation and contacted fewer rodents at low levels under drier conditions, while
a higher relative humidity increased larval mobility and questing height allowing
the ticks to feed on larger hosts. Nevertheless, it has also been suggested that larvae
in particular are less mobile under wet conditions (Perret et al. 2003), that suffi-
ciently wet conditions might lead to increased tick mortality (Randolph 2004) and
that ticks might be positively affected by humidity only until an optimal value is
reached (Tagliapietra et al. 2011). The combination and the interdependencies of
the three effects, reduced mobility, increased mortality and optimal hydration, could
be an explanation for the humidity threshold determined here by the CHAID analysis

and the negative correlation between larval burden and relative humidity.

Saturation deficit: Various recent studies suggest that saturation deficit is a
very important factor for the behavior and mortality rate of ticks (Randolph and
Storey 1999, Perret et al. 2000, 2003, 2004, Randolph 2004, Gern et al. 2008, Gray
et al. 2009, Tagliapietra et al. 2011). In quasi-natural arenas, Randolph and Storey
(1999), and in the field Perret et al. (2000), recognized that a higher saturation def-

icit reduced the number of questing I. ricinus ticks along with a higher energy loss of
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the ticks shortening their life span. Perret et al. (2003) observed that questing dura-
tion is inversely related to saturation deficit and that the effect of desiccation is more
serve for nymphs than for the adult life stages (Perret et al. 2000). A high saturation
deficit forces ticks to move from their questing position into quiescence on the
ground to rehydrate (Gern et al. 2008). For ticks collected from deer, Tagliapietra et
al. (2011) found out that saturation deficit was a key factor affecting nymphal abun-
dance and predicting most of its variation. The correlation analyses conducted here
(see Section 4.1.3) for spring underline the behavior described above. In May and
June, nymphs were significantly negatively correlated with saturation deficit. For
males and females, no significant correlations with respect to saturation deficit were
detected. However, during autumn (Sep/Oct) larval infestation increased signifi-
cantly with rising saturation deficits. This finding is in contrast to the studies of
Randolph and Storey (1999), in which larvae avoided desiccation by moving into the
litter layer and becoming quiescent. On the other hand, the results of Perret et al.
(2003) indicate that higher saturation deficits lead to a larger distance traveled by
ticks after quiescence. This might provide an explanation for the increased larval

burden in the present study.

Precipitation: In addition to this, all models estimated by the GAIC-based pa-
rameters selection strategy included precipitation depth for all tick life history
stages. High rainfalls above 2 mm and 4 mm have a negative influence on adult and
immature tick burden, respectively, although a significant effect was only detected
for female ticks (see Section 4.1.5). However, for females and larvae an increase in
tick infestation was detected with precipitation above 7 mm and 12 mm, respec-
tively. High precipitation depths during the study period were observed in winter
and spring, particularly during May 2013 (see Section 4.1.5). Consequently, the non-
linear relationship between ticks and rainfall revealed by the models can be inter-
preted twofold: (1) high rainfall can be seen as an indicator for the cold season and
therefore reduced tick life history stage abundances, and (2) rain during spring sup-

ports tick hydration and leads to an increased tick occurrence. This non-linearity of
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the seasonal patterns might be the reason why only the GAMLSS models include pre-
cipitation depths in comparison to the other statistical analyses. However, previous
model-driven tick research on roe deer (Carpi et al. 2008, Kiffner etal. 2010a,2011b,
Voretal. 2010, Tagliapietra etal. 2011, Handeland et al. 2013) did not consider rain-
fall in their analysis, making my study unique. By the use of the GAMLSS approach, I
was able to show that precipitation plays an important role for ticks on roe deer and
that such complex, non-linear effects can be revealed and better understood through

an adequate modeling technique.

4.2.1.6 Host parameters

Host sex: With respect to biotic factors, there exists the hypothesis that tick
parasitism might be sex-biased (Poulin 1996, Zuk and McKean 1996, McCurdy et al.
1998, Ferrari etal. 2003). In particular for white-tailed deer (Odocoileus virginianus)
in the USA, many studies report a male-biased abundance of Ixodes spp. (Schulze et
al. 1984, Kitron et al. 1992, Schalk and Forbes 1997, Schmidtmann et al. 1998). For
roe deer in Spain, Vazquez et al. (2011) determined host sex as the most important
factor influencing tick prevalence, while in German studies this factor was only mar-
ginally significant suggesting only a weak influence on the overall tick burden
(Kiffner et al. 2011b), or that both roe deer sexes were almost equally infested (Vor
etal. 2010). The GAMLSS models of Kiffner et al. (2011b) considered host sex for the
immature tick life history stages, but not for male and female ticks. However, they

suggested that host sex might play only a minor role in tick abundances on roe deer.

In contrast to this, my results indicate that the sex of roe deer has an influence on
tick abundance, such that male deer had significantly more ticks than female ani-
mals. This observation is also underlined by the decision trees for males, females
and larvae, which also included host sex. In particular, for adult ticks host sex seems
to be a key factor since it appears at the second level of the decision trees. The GAM-
LSS models provide and even deeper insight into the interactions between host sex

and tick life history stage abundance. The models show that host sex plays an im-
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portant role for males, nymphs and larvae. A significantly male deer-biased parasit-
ism was observed for males and larvae. With adult and larval L. ricinus showing a
male-biased behavior in the CHAID analysis and in the GAMLSS models a sex-de-
pendent parasitism of L. ricinus on roe deer seems to be very likely, although this is

the first report of such a behavior in a German study.

There are basically two non-mutually exclusive theories for sex-biased tick behavior
(cf. Zuk and McKean 1996, Pfaffle 2010): (1) the “exposure” hypothesis, which states
that sex-specific features and behavior could influence the exposure to parasites
(Poulin 1996), and (2) the “immunosuppressive” hypothesis suggests that adrenal
hormones, like testosterone, might affect the intensity of tick infestation (Hamilton
and Zuk 1982, Folstad and Karter 1992, Schalk and Forbes 1997, Christe et al. 2007).
On small mammals, the experiments of Hughes and Randolph (2001a, 2001b)
demonstrated that increased testosterone levels lead to male-biased tick parasitism.
In accordance to the first hypothesis, Moore and Wilson (2002) found that a sex-bias
could be a result of size dimorphism, such that parasites prefer the sex having an
increased body size and mass. The idea behind this is that larger hosts provide more
resources for the parasites (Perkins et al. 2003). For white-tailed deer, the size di-
morphism between males and females could be the reason for male-based tick par-
asitism (cf. Kiffner et al. 2011b). However, in comparison to white-tailed deer, the
sexual size dimorphism of roe deer is less strongly pronounced. For my dataset the
mean body mass of each sex with respect to each age group (t-test for fawns: P =
0.445; for yearlings: P = 0.069; for adults: P = 0.659) showed no significant differ-
ences. This means that the body mass of coeval male and female roe deer was almost
equal. Thus, sexual size characteristics alone are unlikely to lead to the sex-biased

tick behavior on roe deer.

However, other behavioral patterns might cause the increased tick burden on male
roe deer. The studies of Sempéré and Lacroix (1982), Blottner et al. (1996) and
Mysterud (1999) suggest an increased migration behavior of male roe deer during

spring (May/Jun), occurring simultaneously with a rise in testosterone levels, which
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was stronger in adult males than in yearlings. This in turn coincides with the results
of Schalk and Forbes (1997), who found a significant male-bias detected for adult
hosts, but not for juveniles. My results underline this pattern by showing that adult
and larval ticks had a higher abundance on adult male roe deer than on younger
males. Thus, the combined effect of behavioral and hormonal changes suggests that

a decoupling of the two hypotheses does not seem to make sense for roe deer.

Host age: Vazquez et al. (2011) observed an age-dependent distribution of tick
abundance with yearlings having higher prevalences than adults and fawns,
whereby their results did not reach a level of significance. Vor et al. (2010) found
significant positive correlations between adult tick burden, host age and body mass.
On the other hand, they found a decrease in the number of Ixodes spp. larvae with
rising roe deer age indicted by a significantly negative correlation. They explained
this by longer resting phases and thinner skin of younger animals. Handeland et al.
(2013) complemented these results by showing that adult ticks were preferentially

found on larger cervids, while immature ticks preferred smaller hosts.

My study confirms the above findings. For yearlings, a significantly higher tick in-
tensity was found than for fawns and adults in relation to all tick life history stages
(see Section 4.1.1). The CHAID analysis of the host parameters ranked host age as
the most important factor for tick abundance, whereby yearlings where always sep-
arated from other individuals with significantly more ticks (Section 4.1.4). Moreo-
ver, the automatic parameter selection strategy included host age into the GAMLSS
models of all tick life history stages. Tick intensity was estimated to be the lowest on
fawns, while yearlings showed higher infestation for male, female and nymphal L.
ricinus ticks. As host age was only significant for males and nymphes, its effect seems

to be less important for females and larvae.

An explanation for my findings could be that adult ticks quest higher up in the veg-
etation and thus have an increased probability of attaching to larger hosts

(Randolph 2004). In accordance with the “exposure” hypothesis, this observation
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could be the reason why yearlings had higher tick abundances than fawns. Another
explanation could be the immunosuppressive effect of testosterone leading to a tick
preference towards yearlings. An equivalent argument works for the comparison of
yearlings and adult roe deer. The lower mobility of adult roe deer (Pettorelli et al.
2003) might reduce their exposure to ticks in comparison to yearlings. In summary,
and similarly to sex-biased behavior, it seems that both effects, i.e. exposure and im-

munosuppression, interact when considering roe deer hosts.

Body mass: Instead of host age, the models obtained by Kiffner et al. (2011b)
included roe deer body mass suggesting a positive significant effect of host size on
tick burden. In contrast to this, my simple model for nymphs and the GAIC-based
models for male and larval I ricinus showed a negative influence of body mass on
the tick intensity of roe deer. This behavior stands in contrast to the assumption that
larger animals provide more resources and could thus host more ticks (Smith et al.
1990, Pichon etal. 1999, Dobson et al. 2006, Ruiz-Fons etal. 2006, Gern 2008, Pound
etal. 2010, Kiffner etal. 2011b). A more detailed view of this behavior has been pro-
vided by modeling tick life history stages in relation to body mass of roe deer age
groups. These results showed the considerable influence of host body mass and re-
veal that the relationships between parasite intensity, tick life stage/sex, host body
mass and host age are complex and highly non-linear (see Section 4.1.5), such that
individual studies are needed to find out more about the interactions of these factors

on roe deer.

Host condition: The GDMI; (see Section 3.3.4) correlated negatively with the
overall tick burden and, in particular, with L. ricinus nymph numbers. Moreover, the
CHAID algorithm determined the GDMI; as important for tick intensity on female
fawns and adult deer. This might indicate that animals with a body mass that is in-
creased relative to mean host age and sex have a lower tick abundance, such that
healthier animals might carry less ticks. In conjunction with this, the correlation
analyses revealed that a poorer condition or crippled host increases tick infestation

for females, nymphs and larvae, only males were non-significantly correlated. These
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patterns are in accordance with the decision trees which reveal the “HasCondition”
variable as the most important factor for an increased number of nymphs and larvae
(Section 4.1.4). Two questions arise from these results: (1) are ticks causing health

problems to roe deer, and (2) do certain roe deer health issues increase tick burden?

An overview of the negative influence of parasites on the physical condition of hosts
was given in Pfaffle (2010). Several deer species, including roe deer, are considered
to be reservoir-incompetent for Borrelia spp. (Nelson et al. 2000, Bhide et al. 2005,
Gern 2008, Pound et al. 2010, Alonso et al. 2012), but the effect of other tick trans-
mitted diseases is largely unclear for roe deer. Vor et al. (2010) were not able to find
any signs of deer health problems caused by high tick infestation. For small mam-
mals, e.g. European hedgehogs (Erinaceus europaeus) (Pfaffle et al. 2009), a signifi-
cant blood loss was noticed at high tick densities. This caused regenerative anaemia.
For roe deer, Talleklint and Jaenson (1997) estimated a median amount of tick in-
duced potential blood loss at 2.0% of the host’s total blood volume. For only 14% of
their sampled roe deer was there a blood loss larger than 5%, while for the rest of
the animals a lower reduction of blood volume was calculated. My estimate of the
blood loss of roe deer was an order of magnitude smaller (see Section 4.1.1), with
an average of 0.3%. This relatively low percentage of blood loss is an indicator that

only very few roe deer suffer from tick induced blood loss.

With respect to the second question above, my results show that pregnant or nurs-
ing female deer were significantly more heavily infested with I ricinus than other
individuals (Section 4.1.1). Pregnancy and lactation increase the energy consump-
tion of female roe deer considerably (Mauget et al. 1997). For fawns the correlation
coefficients for all tick life history stages and body mass were significantly (P < 0.01)
negative (females: p = -0.393; males: p = -0.283; nymphs: p = -0.385; larvae: p = -
0.376), suggesting that fawns in better condition have less ticks. Moreover, the
“HasCondition” variable including the infestation of the hosts with other parasites
as well as deformities correlated negatively with host body condition suggesting a

higher tick burden on hosts in poorer condition.

165



Tick burden - Discussion

Concurrent infestations of roe deer with other parasites (i.e. Damalinia (syn. Cervi-
cola) meyerilice and the deer ked fly, Lipoptena cervi) were also observed in Norway
(Handeland et al. 2013). Hosts in poor condition have fewer resources available than
healthier ones and have to invest more energy in defensive responses to parasites
and diseases at the same time (Wilson et al. 2002). This situation causes the infesta-
tion intensities of parasites to co-vary within a host population proportionally to
host body condition (Wilson 1994, Holmstad and Skorping 1998, Stear and Wakelin
1998). Moreover, a reduced constitution and decreased mobility might increase at-
tachment success and tick survival on these hosts (Wikel and Bergman 1997, Pfiftle
et al. 2013). Consequently, my observations on roe deer show for the first time that
roe deer in a poor physical condition have an increased probability of high tick in-

festation.

4.2.2 Ticks on wild boar
4.2.2.1 Species and life history stages

Only I ricinus ticks were collected from wild boar. In contrast to roe deer, only little
research on the tick infestation of wild boar has been conducted. Nevertheless, other
Central European studies have also reported finding only I ricinus on wild boar
(Petrovec et al. 2003, Skotarczak and Adamska 2008, Michalik et al. 2012, Pacilly et
al. 2014). In contrast, tick sampling in Spain described 8 different ixodid tick species
parasitizing wild boar, mainly Dermacentor spp., Hvalomma marginatum and Rhip-
icephalus bursa, but only few I ricinus (de la Fuente et al. 2004, Ruiz-Fons et al.
2006). Similarly, Selmi et al. (2009) report D. marginatus as the most common spe-
cies on wild boar in Italy. Altogether, these studies indicate that I ricinus is predom-
inately found on wild boar in temperate areas, while the studies from southern Spain
and Italy suggest that this species is replaced by D. marginatus in the Mediterranean

region.

In relation to the tick life history stages, most of the L. ricinus collected were females,
followed by nymphs and males, while no larvae and no mating ticks were found on

wild boar. This distribution is quite similar to findings in Poland (Skotarczak and
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Adamska 2008). However, quite the contrary was reported by Pacilly et al. (2014),
where the infestation of wild boar in a Dutch national park during fall 2010 was
dominated by larvae, followed by nymphs and adults. They did not find male ticks
on wild boar. Michalik et al. (2012) also reported immatures to be more common on
wild boar in Poland. One reason for the dominance of immatures over adults in those
two studies could be seasonal influences due to a shorter sampling period. My re-
sults show that the abundance of nymphs on wild boar was also higher than that of
adults in September, while the reverse was true for all other months (see Section
4.1.2). Consequently, it is important to consider the period of sampling and the total

time of sample acquisition when comparing tick populations of different studies.

The multinomial logistic regression modelled the composition of a tick population
from wild boar successfully for the first time (see Section 4.1.6). The results showed
that the predicted probability of finding immature ticks was significantly lower on
wild boar than on roe deer. Moreover, an increasing body mass of wild boar reduced
the chance on finding nymphs even further. Thereby, my models confirm the find-
ings of Skotarczak and Adamska (2008) in which adults ticks were also most abun-
dant on wild boar. Pacilly et al. (2014) found higher proportions of the nymphs on
the anterior axilla, whereas in my study nymphs where most common on the ears.
In addition to this, | found that wild boar sex generally did not influence the compo-
sition of the tick population significantly, but male piglets hosted significantly more

female ticks than female piglets.

4.2.2.2 Engorgement

Michalik et al. (2012) describe their I ricinus as being partially engorged, in contrast
to Skotarczak and Adamska (2008), who found fully engorged ticks. [ found living L.
ricinus individuals only little engorged, while the fully engorged ones were dead
(23.9%). One explanation for the large proportion of dead engorged ticks might be
the wallowing behavior of wild boar (Keuling and Stier 2009a, Morelle et al. 2014),
which could cause ticks to detach from the host or die through friction. Additionally,
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the wallowing of wild boar might also be one reason for the significantly lower over-
all tick burden of wild boar in comparison to roe deer. Another explanation for the
dead ticks on wild boar could by an immune response of wild boar to ticks (see Sec-

tion 4.2.2.7).

4.2.2.3 Tick infestation intensity

On average, the infestation intensity on wild boar was low, with 0.13 * 0.76 ticks per
animal and an average prevalence of 6.1%, whereby the highest values were
reached during April and May. Michalik et al. (2012) and Skotarczak and Adamska
(2008) reported 7.8 and 2.3 ticks per infested animal, respectively. However, the
prevalence of . ricinus on wild boar in the latter study was almost equal (6%) to my

study.

A study on a managed wildlife population in a Dutch national park and reported
considerably higher intensities with a mean of 15 *+ 9.4 ticks per wild boar (Pacilly
et al. 2014). Although controlling game densities, in particular of deer, by wildlife
management is considered as a method for risk reduction with respect to tick infes-
tations (Piesman 2006), the densities of the overall deer populations in the national
park (in 1998: 11.2 deer per ha) (Kuiters and Slim 2002) were higher than those
observed for free-ranging big game in the Bienwald (in 2012: 6.0 roe deer per ha)
(Ehrhart 2012). In general, higher host population densities increase the size of the
tick population and, therefore, the number of infested hosts (Lindgren et al. 2000,
Estrada-Pefia 2001, LoGiudice et al. 2003, Brownstein et al. 2005, Ruiz-Fons et al.
2006, Gilbert 2010, Tagliapietra et al. 2011). This is probably one of the main rea-
sons why the Dutch study showed a considerably higher tick burden on wild boar.
In addition to this, the absence of roe deer within the national park (Pacilly et al.
2014) could have led to a substitution of roe deer by wild boar for some tick life

history stages.
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On the other hand, a mean prevalence of 31% and an average intensity of 13.6 ticks
per wild boar reported by Ruiz-Fons et al. (2006) appear quite similar to the obser-
vations of Pacilly et al. (2014), but are also distinctly higher than those described
here. However, in northern Spain the registered intensities were as low as 1.5 ticks
per boar, although I. ricinus is widely distributed in this region. In comparison to the
Bienwald, the higher infestation of wild boars in Spain could be a result of climate

related factors, as observed for roe deer above.

4.2.2.4 Aggregation

The wild boar in the Dutch national park (Pacilly et al. 2014) also showed highly
aggregated tick dispersion, with the highest levels being reached by larvae, followed
by nymphs. However, in my study, nymphs had the highest levels of aggregation,
probably because I found no larvae on wild boar. Similarly to roe deer in the Bien-
wald, all three tick life history stages appeared highly aggregated on wild boar. The
values for k were even lower than those of roe deer. Since aggregation is directly
related to mean tick intensity (see Section 3.3.1), one explanation of the increased
aggregation of I ricinus on wild boar is the lower mean tick abundance and preva-
lence in comparison to roe deer. Nevertheless, these observations underline the
findings and conclusions discussed for roe deer, such that immature tick life history
stages appear on both species similarly aggregated due to nymphal and larval be-

havioral patterns, in particular through their spatially clumped occurrence.

4.2.2.5 Seasonal and annual dynamics

All three life history stages showed an intensity peak in May, whereby nymphs
showed a second less intense peak during September. These intensity peaks match
those found for roe deer (Section 4.1.2). In contrast to this, the I ricinus collected by
dela Fuente etal. (2004) and by Ruiz-Fons et al. (2006) were all found during winter
and mainly in autumn, respectively. The reason for this might by the high summer
temperatures and low relative humidity in their study areas. This is underlined by

the fact that no I ricinus were collected from the southern parts of Spain (de la
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Fuente et al. 2004, Ruiz-Fons et al. 2006) where the position of this species is taken
by the newly described Ixodes inopinatus (Estrada-Pefa et al. 2013).

4.2.2.6 Climatic factors

As already discussed for roe deer, one of the main reasons for the seasonal appear-
ance of I ricinus on game animals is climatically related (Estrada-Pefia 2001,
Estrada-Pefia and Venzal 2007). In comparison to roe deer, only little is known
about the influence of climate on the tick burden of wild boar. The correlation coef-
ficients (Section 4.1.3) for tick intensity in relation to sunshine duration and precip-
itation were significantly positive for all tick life history stages on wild boar. In con-
trast to this, temperature influenced only nymphal burden positively at a highly sig-
nificant level. Cloud coverage and relative humidity were significantly negatively
correlated with males and nymphs, while females showed no significant correlation.
During spring, a high saturation deficit was associated with a significant decrease in

the number of males and nymphs.

The positive influence of temperature on the total tick abundance on wild boar was
also confirmed by the GAMLSS model. Although the effect of precipitation did not
reach a level of significance in the GAMLSS model, | was able to estimate a tick in-
tensity peak for precipitations between 7 and 8 mm (Section 4.1.5). These results
are in accordance with those from roe deer and could be explained in a similar fash-
ion (cf. Section 4.2.1.5), while they also support the findings of other studies on tick
questing behavior (Jensen 2000, Perret et al. 2000, 2004, Randolph et al. 2002,
Hubalek et al. 2003, Schwarz et al. 2009). In summary, I was able to successfully
apply the GAMLSS modeling approach for tick burden on wild boar for the first time

to gain a better understanding of the climatic factors of tick infestation.

4.2.2.7 Host parameters

Studies on the influence of host parameters in relation to the tick burden on wild

boar are also largely missing. My study is the first that comprehensively addresses
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this point. Adult wild boar had the highest tick prevalence (7.2%), followed by year-
lings (6.0%) and piglets (5.6%). However, I ricinus females and males were most
prevalent on yearlings and on piglets, respectively, while the prevalence of nymphs
was highest on adult boar. Piglets were most intensely infested (0.16 = 0.97), fol-
lowed by yearlings (0.11 + 0.52) and adults (0.10 * 0.37). For all three life history

stages, piglets showed the highest intensity of infestation.

The higher tick abundance of piglets could be explained by the lower proportion of
dead ticks found on piglets in comparison to older animals. The higher mortality of
ticks on yearlings and on adult wild boars could be a first indicator that these age
groups show an efficient immune response, i.e. an acquired resistance, to ticks. As
far as known, such a resistance not been reported for wild boar, but for other spe-
cies, for example mice, guinea pigs and cattle (McTier et al. 1981, Jones and Nuttall
1990, Brossard and Wikel 2004). Another reason for the higher infestation of piglets
could be that older wild boar have thicker skin which inhibits tick attachment.

A third reason for the higher infestation of piglets might be the differing behavioral
patterns of wild boar in relation to age. Wild boar employ three different movement
strategies: (1) staying and short distance travel, (2) long ranging and (3) any com-
bination of the former two strategies (Morelle et al. 2014). Females with piglets usu-
ally pursue the first strategy. They remain within a limited area and move over short
distances at various speeds. Keuling et al. (2010) also indicates that piglets have a
smaller home range than older animals. As a result, the limited, but dynamic mobil-
ity together with the thinner skin of young boars (Briedermann 2009) could make
them more attractive to ticks in accordance with the “exposure” hypothesis (see Sec-
tion 4.2.1.6). However, none of the aforementioned differences between the groups
reached a significant level. Additionally, no significant deviations between male and
female boar were observed. In contrast to my findings on roe deer, tick burden on
wild boar might not be sex-biased. The results for the host parameters above are in

line with the correlation coefficients where body mass, which is usually related to
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host age, and GDMI were not significantly correlated with the tick intensities (Sec-

tion 4.1.3).

4.2.3 Comparison of wild boar and roe deer

Wild boar are rapidly increasing in abundance in Central Europe (Keuling et al.
2008b, 2013, Léger et al. 2013), particularly in Germany (Schwarz et al. 2009,
Deutscher Jagdverband 2014c), and they are considered to play an essential role in
determining overall tick abundances, as well as in the transmission of tick-borne
diseases (Léger et al. 2013, Pfaffle et al. 2013). However, the intensity and the prev-
alence of the tick burden on roe deer and wild boar were significantly different for
all life history stages (all Mann-Whitney U-tests: P < 0.001). This observation
matches that described by Skotarczak and Adamska (2008), where the differences
in infestation levels between roe deer and wild boars were also significant. The
study of Pacilly et al. (2014) also reported a lower tick infestation of wild boar in

comparison to other large grazers.

In summary, my results clearly confirm that wild boar do not constitute an im-
portant food source for ticks in the Bienwald. Although, they could serve as propa-
gating hosts for I ricinus (Ostfeld et al. 2006, Ruiz-Fons et al. 2006), the low infesta-
tion intensities with many dead ticks suggest the contrary. Roe deer are clearly the

dominant host for adult female ticks.

4.2.4 Attachment sites

For the order of niche breath on roe deer, I found female ticks showing the lowest
attachment site specialization, differing significantly from those of the other 3 life
history stages, whereas nymphs were most specialized in their feeding behavior.
This observation confirms the findings made by Kiffner et al. (2011a). Moreover,
both studies demonstrate that niche breadths vary considerable over month and

year with wider niche breadth during the warmer months.

172



Tick burden - Discussion

The results of my attachment site analysis for roe deer showed that adult ticks pre-
ferred the abdomen, while immatures were predominantly found at the ears (Sec-
tion 4.1.7). These observations are in sharp contrast to Kiffner et al. (2011) who
found that female and male ticks reached their highest densities on the neck and
head (including ears), except during winter when they preferred the front legs. For
immature ticks Kiffner et al. (2011a) reported the front legs and the head (including
the ears) as clearly preferred attachment sites. In contrast to Kiffner’s study, the legs
never reached a top rank for any of the tick life history stages in my study. In addi-
tion, the abdomen and sternum seemed to play a less important role than in my
study. However, similar to the findings of Kiffner et al. (2011a), the legs in the cur-

rent study showed an increased tick density during the winter months (Nov/Dec).

Also in contrast to my ranking, with the highest proportions of nymphs and larvae
on the ears, is a study from Italy which showed the forelegs of roe deer, screened in
September, to be occupied by larvae which made up 90% of all ticks (Carpi et al.
2008). Nevertheless, Carpi et al. (2008) did not sample other parts of the roe deer

body, so that a further comparison was not possible.

Handeland et al. (2013) reported high tick burdens from the ears of roe deer in Nor-
way. Their results show that nymphs occurred most frequently on the ear, followed
by larvae and adults. Other parts of the roe deer body were not screened by
Handeland et al. (2013). Thus, it is unclear if the composition of the tick population
on the ears is representative for the entire body, and the attachment site preferences
on these animals is unknown. In this context, my model of the composition of the
tick population on roe deer shows that a single sampling of the ears can lead to a
biased estimate of the overall tick burden (see Section 4.1.6) (cf. Mysterud et al.
2014).

The dominance of nymphs and larvae on the ears of Norwegian roe deer (Handeland
et al. 2013) in combination with my results indicates that the ears are a preferred

attachment site for immature ticks. The observation that adults prefer the anterior
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and posterior axillae, while immature ixodid ticks select the head and particularly
the ears, is in line with the findings on red deer (Pacilly et al. 2014), white-tailed
deer (Bloemer et al. 1988, Schmidtmann et al. 1998), angora goats (Fourie et al.
1991) and impala (Aepyceros melampus) (Matthee et al. 1997). Thereby, the impala
study found that one third of the total ixodid tick burden was located on the ears.
This finding is almost equal to proportions found here. Approximately the same dis-
tribution were detected by Mysterud et al. (2014) on roe deer in Norway, but with
more larvae on the legs (40.9%), nymphs on the ears (83.7%) and adults in the groin
(89.2%) and on the neck (94.9%).

One possible explanation for this attachment behavior can be found in the differ-
ences in mobility between the tick life history stages. On larger animals, questing
ticks will usually move onto the host over the body parts that contact the vegetation.
Consequently, ticks climbing onto the host are likely to be predominantly found on
the head and ears during grazing on the vegetation, as well as on the legs. After en-
countering a host, the immature life stages of I ricinus travel only a short distance
and begin to feed mainly on the ears and the legs, whereas male and female ticks
travel a greater distance on the host surface to reach the sternum and the abdomen
(cf. Mysterud et al. 2014). In particular, for female ticks the arrival at a body region
where they can take larger blood meals but is protected from abrasion is vitally im-
portant for egg production and survival (Sonenshine and Roe 2013b). In comparison
to this, nymphs and larvae have less energy resources that they can spent on move-

ments and require only smaller blood meals (Oliver 1989).

The height of the vegetation in relation to the size of the host is likely to play an
important role for the successful attachment of questing ticks (Mejlon and Jaenson
1997). Additionally, as climatic factors have an influence on the questing height of I.
ricinus, these might also have an effect on the location at which ticks contact the host
(Randolph and Storey 1999). The interacting effects of vegetation and climate might
provide additional information on the attachment site selection of ticks on roe deer,

but this has so far not been studied. Although my study and that of Kiffner et al.
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(2011a) were both conducted in forest areas, the aforementioned interactions in re-
lation to the types of prevailing undergrowth could be used to explain the deviations
in the results of both analyses. For this reason, future studies of tick attachment sites
on roe deer would also benefit from an additional classification scheme for the roe
deer body regions using the height above the ground to define different categories,

similar to Ogden et al. (1998).

On wild boar, the life history stages found preferred the abdomen and the sternum
over the ears, except during spring when ticks occurred aggregated on the ears (Sec-
tion 4.1.7). No ticks were found at the head, neck, front legs and hind legs, or on the
main body of these hosts. Furthermore, males and nymphs were not collected from
the sternum. In comparison to roe deer, a clear trend indicating that nymphs se-
lected the ears over the abdomen could not be determined for wild boar. Until re-
cently, the only other study on this host (Pacilly et al. 2014) also described adults
mostly attached to the sternum and abdomen, while nymphs were found predomi-
nantly at the ear, whereas larvae were not collected. Despite some seasonal devia-
tions, the attachment sites registered by Pacilly et al. (2014) are similar to my study.
Both studies also show that no nymphs or male ticks were attached to the host's
body, but were loose and unengorged. A certain number of ticks collected by Pacilly
etal. (2014) had already detached from the host and dropped into water filled trays
below the carcasses at the time of sample acquisition, such that a recording of at-
tachment sites was not possible for these ticks. However, the site preferences pre-
sented by Pacilly et al. (2014) for wild boar resemble the ones in my study. There-
fore, I can confirm that partially delayed sampling and the tray-based collection of

ticks did not influence their results with respect to attachment sites.

My results for roe deer and wild boar show seasonal covariation for male and female
ticks, such that the two top ranked body parts were similarly attractive for both
sexes. This behavior is also in line with the fact the mating ticks were predominantly
recorded on the abdomen and sternum (Section 4.1.7). In spite of some seasonal

variations in the ranking of the tick densities, these results suggest that ticks actively
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choose the body part they feed on. This is supported by the observations made with
respect to the IFDH. For each tick life history stage, the total number of individuals
found on the entire host correlated positively at a highly significant level with the
percentage of ticks attached to the top ranked body part. This behavior stands in
clear contradiction to the IFDH, which states that a higher tick life history stage
abundance would increase the proportion of ticks at less preferred attachment sites

(Kiffner et al. 2011a).

In summary, the above findings support the hypothesis of pheromone-based on-
host aggregation of I ricinus, which leads to a mutual attraction of conspecifics on a
host (Oliver 1989, Grenacher et al. 2001, Sonenshine 2006, Healy and Bourke 2008,
Sonenshine and Roe 2013b). On wild boar, such observations were not possible due
to the limited number of ticks found. However, for the two boars on which more than
5 ticks were found, the infestations were completely aggregated at a single spot
(once on the ear and once on the abdomen). This could be a first indicator that pher-
omones could lead to on-host aggregation on wild boar. Nevertheless, for roe deer
and wild boar a multitude of other factors can be considered to influence the spatial
aggregation of ticks on the hosts. These factors encompass features of fur and skin
as a barrier for unfed I. ricinus ticks in combination with the amount of blood circu-
lation at different attachment sites (cf. Ogden et al. 1998, Kiffner et al. 2011a). The
collection of additional information on these interactions should be considered in

future studies.

4.2.5 Co-feeding

The study on roe deer by Kiffner et al. (2011a) suggests that gregarious feeding
might be beneficial for I ricinus ticks causing an increased blood feeding rate and
faster repletion. This statement is supported by my findings on roe deer, which show
that interstadial attraction (low niche and active feeding site selection) occurred for
all feeding life history stages (i.e. females, nymphs and larvae). The high niche over-
laps between females, nymphs and larvae underline the gregariousness of I ricinus

(Section 4.1.7 to 4.1.9). In addition to the densities and niche indices calculated,
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highly clumped occurrences of nymphs and larvae on the ears and abdomen were
found during the sample acquisition. Very closely aggregated (< 1 cm) ticks on roe
deer have been reported by other authors (Carpi et al. 2008, Vor et al. 2010,
Handeland et al. 2013). The on-host aggregation of the feeding ticks might support
non-systemic pathogen transmission between the feeding life history stages
through co-feeding (Randolph et al. 1996), which is considered as an important fac-

tor in the epidemiology of tick-borne diseases (Randolph 2009).

Intra- and interstadial aggregation also seems be coupled with seasonal tick activity,
induced mainly by climatic variations, such that niche overlap correlated positively
with warmer months as pointed out by the GLM (see Section 4.1.8). A seasonal syn-
chronicity with respect to co-feeding was reported Kiffner et al. (2011a). Carpi et al.
(2008) modeled the significant influences of geographic location and autumnal cool-
ing rate on the frequency of co-feeding in I. ricinus. For ticks on forest rodents, the
presence of co-feeding was positively associated with the spring warming rate
(Kiffner et al. 2011c). Nevertheless, it is still not clear whether non-systemic patho-
gen transmission on roe deer via co-feeding is possible. Therefore, co-feeding trans-

mission experiments should be conducted (cf. Kiffner et al. 2011a).

Another recent study (Mysterud et al. 2014) on the feeding sites of I. ricinus on roe
deer proposed a partial separation of the tick life history stages, which was also ob-
served for some sampling periods in the current study (Section 4.1.9). This might
limit the amount of co-feeding and the possibility of pathogen transmission. On the
other hand, the highest spatial niche overlap in the entire study period was observed
between male and female ticks. This result can be explained by the mating behavior
of male ticks, which has been mainly observed at the abdomen and sternum. As

males do not feed, co-feeding is not possible between the sexes.

Due to the limited sample size, it was not possible to calculate niche indices for wild

boar. However, the aforementioned on-host aggregation on two boars in combina-
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tion with the fact that ticks were only found at 3 of 8 possible attachment sites sug-
gest that clumped feeding on wild boar is possible and can lead to co-feeding. Alt-
hough, wild boar are considered to be important hosts in the ecology and dynamics
of tick-borne pathogens through vectoring ticks (Juricovd and Hubalek 2009), the
low prevalences and intensities of infection found here make this doubtful for Ger-

many.
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The following chapter will present the pathogens found within the organ samples

and the ticks collected from roe deer and wild boar.

5.1 Results

5.1.1 Pathogens in organ samples

In total, organ parts from 247 roe deer and 344 wild boar were collected during the
study period. With respect to Rickettsia and Borrelia infections all samples have
been processed in the lab. Only a single pool (P1 of sample 90) showed a weak pos-
itive result for Rickettsia spp. during the gltA-PCR on the LightCycler® (see Section
3.2.6.1) in comparison to the positive control (PC). The positive pool contained skin,
i.e. the ear, of a male wild boar piglet (Figure 5.1) culled in January 2013. The body
mass of the animal was 16 kg and the GDMI was -0.38. The latter value indicates
that the boar’s body mass was distinctly below that of average male piglets and sug-
gests that the individual was in poor condition, whereby no ticks were found on this
animal at the time of the sample acquisition. However, for the pool testing positively
on the LightCycler® (P1 of Sample 90) there was no indication of Rickettsia spp. dur-
ing the two subsequent PCRs on the thermocycler (see Section 3.2.6). This under-
lines that the LC-PCR can generate false positives and that additional PCRs are nec-

essary to verify positive results.
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Figure 5.1: Detection of Rickettsia spp. in organs of wild boar by real-time gltA-PCR using
the LightCycler® with 30 samples (left) with negative control (NC, i.e. NK) and positive con-
trol (PC, i.e. PK). The graph (right) plots the number of cycles against the fluorescence
(F1/F2). Both positive samples are labeled accordingly: PK and a single positive pool of a
wild boar.

Figure 5.2: Wild boar fetus with the first hair over the eyes and still closed eyelids (right).

No other organ samples from wild boar, nor any of the roe deer organs were positive
for B. burgdorferi s.l. species or Rickettsia spp. In addition to this, 15 wild boar em-
bryos were collected (see Figure 5.2). The fetuses had a crown-rump length ranging
from 9.5 to 18.3 cm and a body mass between 45 and 350 g. They were dissected,

their organs were pooled equivalently to all other samples and investigated by gltA-
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Table 5.1: Total number of ticks analyzed for Rickettsia and Borrelia infections along with
the resulting counts of positives and the corresponding prevalences.

Analyzed Unfed Positive ticks
Host species / tick sex . .
ticks ticks Rickettsia spp. Borrelia spp.> Coinfectionb<
Ticks from roe deer 264 132 50.0% 124 47.0% 9 34% 4 1.5%
male ticks 48 48 100% 26 542% 3 63% 2 42%
female ticks 216 84 388% 98 454% 6 28% 2 0.9%
Ticks from wild boar? 12 6 500% 5 41.7% 0 0.0% 0 0.0%

aall ticks were female, P all ticks were unfed, ¢ concurrent infections with Borrelia and Rickettsia spp.

PCR for Rickettsia and Borrelia infections on the LightCycler®. None of the embryo

organ pools tested positively.

5.1.2 Pathogens in ticks from roe deer

For the determination of Rickettsia and Borrelia infections, 256 ticks (16.7%, 47
males and 217 females) from 41 roe deer and 12 adult female ticks (26.1%) from 8

wild boar were analyzed.

5.1.2.1 Rickettsia species

The mean prevalence of Rickettsia from all analyzed ticks from roe deer was 47.0%
(see Table 5.1), whereby male ticks showed slightly more infections (54.2%) than
females (45.4%). However, none of the male ticks were attached on roe deer. In ad-
dition, Rickettsia were almost equally prevalent in ticks from fawns (47.4%), year-
lings (46.2%) and adult deer (47.7%). For ticks from female deer, the Rickettsia
prevalence (53.6%) was distinctly higher than for those from male deer (42.2%).
However, Fisher’s exact test revealed that the differences between the two groups
approached the level of significance, but did not quite achieve it (P = 0.080). With
respect to the ticks’ state of engorgement the following prevalences of Rickettsia
were observed: loose and unengorged (68.3%), attached and unengorged (46.0%),
little engorged (36.7%), medium engorged (34.6%) and fully engorged (29.0%). The
chi-squared analysis showed a high significance (x?4 = 24.24, P < 0.001) with respect
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Table 5.2: Number of ticks per state of engorgement in relation to the ticks tested positively
for Rickettsia spp. and B. burgdorferi s.l. species together with the corresponding preva-
lences.

Ticks Rickettsia spp. Borrelia spp. Coinfections?

Ticks from roe deer 264 124 47.0% 9 34% 4 1.5%
loose, unengorged 82 56 68.3% 9 11.0% 4 4.9%
attached, unengorged 50 23 46.0% 0 0.0% 0 0.0%
attached, little engorged 49 18  36.7% 0 0.0% 0 0.0%
attached, medium engorged 52 18  34.6% 0 0.0% 0 0.0%
attached, fully engorged 31 9 29.0% 0 0.0% 0 0.0%

Ticks from wild boar 12 5 41.7% 0 0.0% 0 0.0%
attached, unengorged 6 4 66.7% 0 0.0% 0 0.0%
attached, medium engorged 6 1 16.7% 0 0.0% 0 0.0%

aconcurrent infections with Borrelia and Rickettsia spp.

to the engorgement states, with a decrease of the Rickettsia prevalence with increas-

ing engorgement (Table 5.2).

The most frequent Rickettsia infections were recorded for ticks from the hind legs
(60.0%), followed by the sternum (49.3%) and abdomen (46.0%), while the lowest
occurrence was detected for the ears (38.1%). When looking at the seasonal changes
in Rickettsia prevalence, the highest values were registered in Sep/Oct when all an-
alyzed ticks had Rickettsia (100.0%), whereas during all other period the preva-
lences were lower: Jan/Feb (29.4%), Mar/Apr (45.0%), May/Jun (41.7%) and
Nov/Dec (60.7%). In Jul/Aug no ticks were analyzed. There was a highly significant
difference between the seasons (x%s = 17.22, P = 0.002) with a subsequent post-hoc
test using pairwise comparisons with Bonferroni corrections of the P-values reveal-
ing that the periods Jan/Feb and May/Jun had a significantly lower (P < 0.05) Rick-
ettsia prevalence than Sep/Oct. (Table 5.3).
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Table 5.3: Number of ticks from roe deer and wild boar for each sampling period in rela-
tion to the number of infected individuals and their prevalences of Rickettsia spp. and
B. burgdorferi s.l.

Ticks Rickettsia spp. Borrelia spp. Coinfections?
Ticks from roe deer 264 124 47.0% 9 34% 4 1.5%
Jan/Feb 17 5 29.4% 0 0.0% 0 0.0%
Mar/Apr 20 9 45.0% 1 50% 1 50%
May/Jun 163 68 41.7% 6 36% 1 0.6%
Sep/Oct 8 8 1000% 0 00% 0  0.0%
Nov/Dec 56 34 60.7% 2 36% 2 36%
Ticks from wild boar 12 5 41.7% 0 00% 0 0.0%
Nov/Dec 12 5 41.7% 0 0.0% 0 0.0%

aconcurrent infections with Borrelia and Rickettsia spp.

5.1.2.2 B. burgdorferi s.l. species

In contrast to Rickettsia, the overall B. burgdorferi s.l. prevalence was distinctly
lower in ticks from roe deer at 3.4%. B. burgdorferi s.l. were detected more fre-
quently in male ticks (6.3%) than in females ones (2.8%) (Table 5.1). Furthermore,
ticks from male deer had a lower prevalence of Borrelia (2.6%) than those from fe-
male deer (4.6%), whereby the pathogen was more prevalent in ticks from yearlings

(5.1%) than in those from fawns (2.6%) and adult roe deer (1.8%).

A highly significant difference (%4 = 20.68, P < 0.001) was determined between the
engorgement states of the ticks: unengorged ticks had a Borrelia prevalence of
11.0%, whereas fed ticks were never infected (0.0%) independent of their level of
engorgement. When considering only unfed ticks 17.6% of the females and 6.3% of
the males were infected. Fisher’s exact test showed that this difference was not sig-
nificant (P = 0.103). In addition to this, no significant deviations between the body
parts (ears: 4.8%, sternum: 4.2%, hind legs: 4.0%, abdomen: 2.4%) and the sampling
seasons (Jan/Feb: 0.0%, Mar/Apr: 5.0%, May/Jun: 3.7%, Sep/Oct: 0.0%, Nov/Dec:
3.6%) were observed (Table 5.3).
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5.1.2.3 Coinfections

The prevalence of concurrent infections of ticks from roe deer with Rickettsia and
Borrelia was low (1.5%), whereby coinfections were only registered for loose unen-
gorged ticks (4.9%). The deviation between attached and loose ticks approached
significance with x24 = 9.0, df = 4, P = 0.06. In addition to this, male ticks had more
coinfections (4.2%) than female ticks (0.9%), although Fisher’s exact test showed
with that this difference was not significant (P = 0.15). Moreover, ticks from fawns
were more frequently infected (2.6%) than those from adults (1.8%) and yearlings
(0.9%). In accordance with the individual observations made for Rickettsia and Bor-
relia, male deer had less ticks with concurrent infections (0.7%) than female deer
(2.7%), although significance has not been verified by Fisher’s exact test (P = 0.31).
With respect to the body parts, coinfections occurred in the following order: hind
legs (4.0%), abdomen (1.6%) and sternum (1.4%). Moreover, for the sampling peri-
ods the following distribution of coinfections was found: Jan/Feb (0.0%), Mar/Apr
(5.0%), May/Jun (0.6%), Sep/Oct (0.0%) and Nov/Dec (3.6%). In addition, there
was no evidence found that Borrelia infections were significantly related to Rickett-

sia infections (Fisher’s exact test: P = 1.0).

5.1.3 Pathogens in ticks from wild boar
5.1.3.1 Rickettsia species

The adult female ticks from wild boar had a Rickettsia prevalence of 41.7%, whereby
no tick from female wild boar had Rickettsia (0.0%) and those from male boar
showed a prevalence of 50.0%. With respect to the age of the wild boar, Rickettsia
was most prevalent in ticks from piglets (44.4%), followed by those from adults and
young wild boar (both 33.3%). Attached, unengorged ticks had a slightly higher
prevalence (66.7%) than attached and medium engorged ones (16.7%). Although
this difference was not significant by Fisher’s exact test (P = 0.242), the decreasing
Rickettsia prevalence with a higher state of engorgement could suggest a behavior
similar to that of ticks from roe deer. Furthermore, Rickettsia were more frequent in

ticks from the sternum (66.7%) than in those from ears and abdomen (both 33.3%).
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The detection of prevalence changes with respect the sampling periods was not pos-
sible, since all analyzed ticks from wild boar were collected during November and

December (compare with Table 5.3).

5.1.3.2 B. burgdorferi s.l. species

In contrast to Rickettsia, and contrary to the observations made for roe deer, neither
fed nor unfed ticks from wild boar tested positive for B. burgdorferi s.l. For this rea-
son, further descriptive and explorative statistical evaluation of B. burgdorferi s.l. in

ticks from wild boar is omitted.

5.1.4 Rickettsia spp. sequencing

The ompB-PCR showed 24 positives out of 83 randomly selected samples (all from
roe deer, see Section 3.2.6.4), whereby the sequencing determined R. helvetica in 9
ticks (Table 5.4). R. helvetica was the only species detected. From the ticks identified
as having R. helvetica, 8 were adult females and 1 was a male, 8 were from roe deer
yearlings and 1 was from an adult deer, 3 ticks were from male hosts and 6 were
from a single female deer. All ticks with R. helvetica were found on the abdomen or
the sternum. The hosts of the ticks having R. helvetica carried more than 20 ticks,
expect for one male yearling with only 6 I ricinus. Ticks infected with R. helvetica
were attached and medium to fully engorged, except for a single female I. ricinus that
was loose and unengorged. The eluates of 15 positively tested ticks could not be se-

quenced up to the species level.
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Table 5.4: Tick samples positively tested for Rickettsia spp. with results of the DNA-se-
quencing in relation to B. burgdorferi s.l. infections (Borr.), host animal and tick parameters.

Host Tick Borr. Rickettsia
. No. Life  Attach. State of
Species Age Sex Ticks Stage Site Engorg. ospA gltA ompB Seq.
roedeer A m 41 f abd 4 - + (+) NS
roedeer A m 24 f abd 3 - + + R. helvetica
roedeer Y m 22 f abd 1 - + + NE
roedeer A m 14 f ste 1 - + + NE
roedeer Y m 15 f abd 2 - + (+) NE
roedeer Y m 54 f ste 3 - + (+) NS
roedeer Y M 6 f abd 4 - + + R. helvetica
roedeer Y F 5 f ste 0 - + + NE
roedeer Y M 54 m abd 0 - + + R. helvetica
m abd 0 - + + NE
roedeer Y F 27 f ste 3 - + + NE
f ear 3 - + (+) NS
roedeer Y F 22 f abd 3 - + (+) NS
f abd 3 - + + NE
f abd 0 - + (+) NS
f abd 0 - + + NE
roedeer y F 30 f abd 3 - + + R. helvetica
f abd 3 - + + R. helvetica
f abd 3 - + (+) NS
f abd 0 - (+) + NS
f abd 3 - + + R. helvetica
f abd 0 - + + R. helvetica
f ste 4 - + + R. helvetica
f ste 4 - + + R. helvetica

a = adult; y = yearling; f = female; m = male; abd = abdomen; ste = sternum; ear = ears; + = positive;
(+) = slightly positive; - = negative; NS = not sequenceable; NE = not evaluable

5.1.5 Host-tick-pathogen relationships

The following analyses will be restricted to exploring the interaction between ticks,
roe deer and Rickettsia because of the limited tick sample size (n = 12) for wild boar

and the few samples tested positively for Borrelia in relation to both host species.

186



Pathogen prevalence - Results

Table 5.5: Pearson’s correlation coefficients in relation to Rickettsia infections, level of en-
gorgement, number of ticks found on the entire host body (roe deer), tick density at the
preferred attachment site, host body mass and mass index.

Rickettsia Tick count  Tickdensity Bodymass GDMIs
Rickettsia 1.000 -0.093 -0.145* 0.091 0.083
Engorgement -0.282** -0.164** -0.175** 0.067* 0.056*
Significances: * P < 0.05; ** P < 0.01

5.1.5.1 Correlation analysis

The correlation coefficients in Table 5.5 were calculated to investigate the occur-
rence of Rickettsia with respect to tick and roe deer parameters. Infections with
Rickettsia were significantly negatively correlated with the tick density at the attach-
ment site and had a highly significant negative linear relationship with tick engorge-
ment. Consequently, a higher state of engorgement leads to a lower prevalence of
Rickettsia. The state of engorgement depends significantly on the total number of
ticks and on the relative tick density at the preferred attachment site in a negative
way. In contrast to this, the effect of host body mass on the state of engorgement is
significantly positive but an order of magnitude smaller than the influences of the

tick burden.

5.1.5.2 Factor interdependency analysis

A subsequent factor analysis of the parameters revealed the interdependencies be-
tween roe deer, tick and pathogen parameters (Table 5.6). The first extracted factor
represents 24.1% of the variance of the studied dataset and can be interpreted as
the state of engorgement. Moreover, the positive loading of tick sex on the first factor
underlines that only female ticks engorge (sex = 2), while male ticks (sex =1) were
all loose and unengorged. The composition of the second component reveals that it
has almost no effect on the Rickettsia prevalence and on the state of engorgement.
This component reflects 19.9% of the dataset variance and demonstrates that a
higher tick burden can be expected on male roe deer with increasing age and de-

creasing GDMI,. Similar to the second component, the third and the fourth factors
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Table 5.6: Rotated component matrix generated using optimal scaling followed by factor
analysis with respect to Rickettsia spp. infections in relation to tick and roe deer host pa-
rameters.

Variables Component
(quantified by CATPCA) 1 2 3 4 5

Rickettsia -0.118 -0.070 0.039 0.040 0965
Engorgement 0.022 -0.024 0.073 -0.243
Tick sex2 - 0.022 0.022 -0.013 0.073
Tick count 0.007 0.723 0.416 0.062 -0.101
Tick density 0.069 0.806 0.022 -0.291 0.038
Host sexa 0.051 0.061 0.146
Host ageb -0.009 0.196 -0.102 -0.074
Host body mass 0.009 0.006 0.763 0.348 0.173
Host GDMIs 0.071 -0.136 0146 [|0886 | 0074
% of Variance 24.1 19.9 16.5 12.1 9.5
Cumulative% 24.1 43.9 60.4 72.5 82.0

asex encoding: male = 1, female = 2; Page encoding: fawn = 1, yearling = 2, adult = 3

show no large influence on the level of engorgement and on the number of infec-
tions. The third component represents older animals with higher body mass and
GDMI, that have an increased numbers of ticks, while the fourth factor can be inter-
preted as “healthier” male roe deer. The latter factor is mainly identified by the high
loading of the GDMI,, which leads in combination with a higher body mass and de-

creasing age to a lower relative tick density at the preferred feeding sites.

Together with the first two components, the third and the fourth factor accumulate
to reflect more than 70% of the variance in the studied data. Finally, the fifth ex-
tracted factor shows clearly that a lower states of engorgement leads to a higher
Rickettsia prevalence, whereby this behavior stands in minor relation to the total
number of ticks on the host, the host age and the host body mass. In this context,
infections are more likely on male deer and are influenced negatively by the total
number of ticks and positively by the body mass. In summary, the 5 factors repre-
sent 82.0% of dataset variance, while the analysis demonstrates that the ticks’ state
of engorgement, together with the sex of the ticks, are the most important parame-

ters that influence the Rickettsia prevalence in ticks from roe deer. Furthermore, the
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factor analysis has determined that tick burden (component 2), as well as host age
and physical conditions (component 3 and 4), have only minor influences on the oc-

currence of Rickettsia infections.

5.1.5.3 Ranking of influences

The observations made above were confirmed by the decision tree analysis pre-
sented in Figure 5.3. Tick engorgement has been determined as the most important
parameter splitting the initial dataset with respect to Rickettsia infections. The prev-
alence of Rickettsia in loose ticks is almost 30% higher than in attached ticks. On the
next level of the tree, loose, unengorged ticks are divided by sex, revealing that fe-
males are significantly more likely to be infected than males. Furthermore, loose
male ticks had considerably more Rickettsia infections from July to December than
during the months January to June. For the first half of the year, the sex of roe deer
is identified by the decision tree as splitting the group of loose, unengorged ticks
even further, such that female deer carried not a single tick having Rickettsia, while
for male roe deer the tick infection prevalence was at 52.4%. During the second half
of the year the CHAID algorithm uses the GDMI of the hosts to split loose male ticks
into two groups. Males from roe deer with a GDMI, < 0.163 had a Rickettsia preva-
lence of 100%, while those ticks from animals with a higher index had no Rickettsia
at all. Similar to the correlation analysis and the factor extraction performed above,
the decision tree determined the state of engorgement and physical condition of the
hosts as important aspects for Rickettsia occurrence. Nevertheless, additional pa-
rameters, i.e. tick sex, sampling period and host sex, were incorporated to identify

and rank significantly differing groups within the dataset.

5.1.5.4 Logistic regression model

The resulting model, estimated by the logistic regression, underlines the signifi-
cance of the previously made observations, underlines their significance and reveals
more details on how the parameters interact with the Rickettsia infection rate. The

regression coefficients are displayed in Table 5.7 and have been validated on the
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Rickettsia
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Figure 5.3: Decision tree identifying the most important parameters hat influence Rickettsia
prevalence of ticks from roe deer.

original dataset, showing that the model was able to classify 66.3% of the cases cor-

rectly. For an increase in the host body mass the model predicts a significant rise in

the number of the Rickettsia infections. There is a significant decrease in Rickettsia
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Table 5.7: Model coefficients and significances resulting from the logistic regression with

respect to Rickettsia infections in ticks from roe deer.

Exp(B) Sig. Exp(B) Sig.

(Intercept) 0.001 0.007 Jan/Feb (Ref.) 0.010
Body mass 1.563 0.004 Mar/Apr 2.265 0.294
Loose unengorged (Ref.) 0.000 May/Jun 0.705 0.607
Attached unengorged 0.467 0.053  Sep/Oct 2.8-10° 0.999
Attached little engorged 0.251 0.002 Nov/Dec 6.198 0.013
Attached medium engorged 0.231 0.000 Fawn 1.681 0.535
Attached fully engorged 0.223 0.002  Yearling 6.398 0.001

Adult (Ref.) 0.003

infections with increasing levels of engorgement determined in relation to the ref-

erence state, i.e. loose and unengorged.

Moreover, the model demonstrates that the chance of a Rickettsia infection for ticks

is significantly higher by a factor of 6.2 in Nov/Dec than during the reference period

Jan/Feb. The extreme coefficient and the significance near 1 for the period Sep/Oct

is caused by the fact the Rickettsia prevalence during these months was 100.0%. Fi-

nally, the logistic regression verified that ticks from yearlings have a significantly

higher chance of being infected by Rickettsia than those from adult roe deer. Alt-

hough the coefficient for fawns has not been determined as significant, its magni-

tude suggests that animals younger than 1 year could carry more infected ticks than

adult hosts.
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5.2 Discussion

5.2.1 B. burgdorferi s.l. infections

5.2.1.1 Roedeer

In the present study, no B. burgdorferi s.l. species were detected in any of the organ
samples collected from roe deer, although B. burgdorferi s.l. was found in ticks col-
lected from hedgehogs in the Bienwald (Skuballa 2011). A reservoir competence to
B. burgdorferi has been shown for several small mammalian, bird and lizard species
(Ostfeld et al. 2006, Gern 2008, Skuballa et al. 2012). Conversely, my findings con-
firm that roe deer have a reservoir incompetence for B. burgdorferis.l. (Telford et al.
1988, Gill et al. 1993, Talleklint and Jaenson 1997), such that none of the individuals
was infected although they were infested by numerous I. ricinus ticks (Matuschka et
al. 1993). Although Skotarczak and Adamska, (2008) report the presence of B. ga-
rinii in 2 out of 238 roe deer in western Poland, they assume that roe deer are not

important in the transmission cycle of B. burgdorferi s.l.

Kurtenbach et al. (1998) demonstrated that the complement system of deer is in-
volved in killing three human pathogenic strains of B. burgdorferi s.l. (i.e. B. burgdor-
feri s.s., B. garinii and B. afzelii). An analysis of 12 Borrelia species showed that the
borreliacidal activity of roe deer, red deer and fallow deer (Dama dama) sera was
also observed regardless of the genospecies (Bhide et al. 2005). Complement-medi-
ated Kkilling of B. burgdorferi s.l. was also observed by Nelson et al . (2000) for sika
deer (Cervus nippon yesoensis) in the presence or absence of antibodies (Isogai et al.
1991). However, for sika deer local infections of skin parts with co-feeding infected
ticks have been found, although no generalized infection in the deer was present
(Kimura et al. 1995). Consequently, the transmission of B. burgdorferi s.l. between
ticks through co-feeding on locally infected skin might also be possible for unin-

fected roe deer, although they are known to be reservoir-incompetent.

The average B. burgdorferi s.l. infection rate of I ricinus ticks (including engorged

and unengorged ticks) from roe deer was 3.4% (Section 5.1.2.2). A distinctly lower
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infection prevalence in ticks from roe deer was detected in a study from Norway
(Kjelland et al. 2011) ranging from 0% for larval and adult ticks up to 2.9% for
nymphs. In contrast, Rijpkema et al. (1996) reported considerably higher infection
rates for I ricinus from roe deer of up to 26% in three Dutch provinces. On red deer
in the Netherlands the infection rate of unengorged male I. ricinus was 4.5% (Pacilly
et al. 2014). In the United States (Maine), Lacombe et al. (1993) found that 13% of
adult Ixodes dammini from white-tailed deer were infected with females having a
higher prevalence of B. burgdorferi s.l. than males. This observation is in contrast to
my findings with a higher prevalence of B. burgdorferi s.l. in male ticks (6.3%) than
in female ticks (2.8%), although this difference was not significant (Section 5.1.2.2).
A male tick-biased infection prevalence is also supported by the study of (Rijpkema
et al. 1997). However, the B. burgdorferi s.l. prevalences found in the other studies
differ from those I determined in the Bienwald. The high variation of the infection
rates is an indicator to a multitude of factors influencing ticks, hosts and pathogen

transmission (Kirstein et al. 1997, Halos et al. 2010).

In the present study, the state of engorgement was significantly related to the likeli-
hood of a Borrelia infection, such that none of the fed females were infected by B.
burgdorferis.l. species and unfed ticks had an infection rate of 11.0% (unfed females:
17.7%). This observation underlines the findings of other studies that showed that
the prevalence of B. burgdorferi s.l. in questing ticks from the vegetation or in unfed
ones collected from wild cervids is significantly higher than in engorged individuals,
such that only few ticks retain Borrelia spirochetes after feeding (Lacombe et al.
1993, Matuschka et al. 1993, Gray et al. 1999, Skotarczak and Adamska 2008, Rosef
et al. 2009, Kjelland et al. 2011, Pacilly et al. 2014). The reason for this behavior is
that the borreliacidal effect of deer sera is not only active in the host itself, but also
in the ticks thorough the ingestion of host blood (Lacombe et al. 1993, Kurtenbach
et al. 1998b). B. burgdorferi s.l. spirochetes that are sensitive to destruction by the
alternative pathway of the complement system are lysed in the midgut of the feeding
tick, although spirochetes in the salivary glands prior to the uptake of blood may be
injected into the host and escape from killing (Kurtenbach et al. 2002, 2006). As a
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consequence, increasing population densities of deer, which are the preferred hosts
of adult female I. ricinus, led to a reduction in the number of infected ticks (Gray et
al. 1999, Rosef et al. 2009, Brunnemann 2010). Thus, the apparent relationship be-
tween tick engorgement and the prevalence B. burgdorferi s.l. in the present study
underlines the reservoir incompetence of roe deer (cf. Skotarczak and Adamska

2008, Kjelland et al. 2011).

This diluting effect can also decrease the infection rate in future tick generations,
since it reduces the number of infected females and thus inhibits the transovarial
transmission of B. burgdorferi s.l. spirochetes from adults to larvae of the I ricinus
complex (Magnarelli et al. 1987). The fact that a large proportion of ticks feeding on
roe deer are adult females using deer as their main blood source for egg-production
(Wilson et al. 1984, Talleklint and Jaenson 1997, Pichon et al. 1999, Skotarczak and
Adamska 2008, Kiffner et al. 2010a) might intensify the transovarial dilution even
further, although only about 14% of infected females transfer the infection to their
eggs (Bellet-Edimo et al. 2005). In addition, the borreliacidal effect of deer serum on
feeding I ricinus could reduce the number of infected small rodents and thus limit
zoonotic transmission in the ecosystem, such that the timing of rodent-tick-deer in-
teractions becomes a critical factor for the transmission of B. burgdorferi s.l. (cf.
Pacilly et al. 2014). Current investigations in the Bienwald show that rodent popu-
lation densities are at a low level (Schaeffer et al., unpublished data). This might also
be an additional factor which keeps the Borrelia prevalence in this area at a rela-

tively low level.

Other factors influencing the Borrelia infection rate could be seasonal changes in tick
abundance, host age and attachment site. I registered a higher number of infections
in April and May (both 5%). Other months had distinctly lower prevalences. This
finding corresponds to the typical spring peak of tick activity (Gray 1991, Randolph
et al. 2002), which was also found in my study (see Section 4.1.1). Therefore, tick
abundance might be synchronized with B. burgdorferi s.l. prevalence, as has been

observed for the tick-borne encephalitis (TBE) virus (Randolph et al. 2000). This in
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turn could mean that an increased tick density on roe deer with higher chances of
co-feeding leads to more Borrelia infections in the ticks. Although host age and at-
tachment sites did not influence the infection rates of 1. ricinus in general, the highest
prevalences of B. burgdorferi s.l. spp. occurred in ticks from yearlings and in ticks
attached to the ears (see Section 5.1.2.2). Over the whole study period, roe deer
yearlings had the highest infestation intensity with ticks and the ears were one of
the preferred feedings sites where ticks aggregated (Section 4.2.4). Such aggrega-
tions are a further indicator that co-feeding might increase the B. burgdorferi s.l. in-

fection prevalences in ticks on roe deer (Randolph et al. 1996).

5.2.1.2 Wild boar

A study on wild boar blood and spleen tissue in Poland also showed no B. burgdorferi
s.l. infected wild boar (Skotarczak and Adamska 2008). Domestic pigs, however,
could support the circulation of B. burgdorferi s.s., (Kurtenbach et al. 1998), although
they are completely borreliacidal for B. afzelii, B. garinii and B. valaisiana. A reported
finding of an I ricinus nymph infected with B. afzelii that had fed as a larva on a wild
boar in North-Central Spain could indicate a reservoir competence for this genospe-
cies (Estrada-Pefia et al. 2005). Serological surveys of wild boar have shown sero-
prevalences to B. burgdorferi s.l. ranging from 19% up to 46.7% (Juricova and
Hubalek 2009). Thereby, the evidence from IgG antibodies does not allow us to draw
conclusions about current or past Borrelia infections, but only indicates contact of

the animals with the agent of Lyme borreliosis.

Nevertheless, for wild boar my results suggest a reservoir incompetence in relation
to B. burgdorferi s.l, since none of the organ samples and none of the ticks tested
positively by PCR (see Section 5.1.3.2). The fact that during my study B. burgdorferi
s.l. infections were determined in ticks from roe deer, while no infected ticks were
found on wild boar, strengthens the assumption of a borreliacidal effect of wild boar
serum and thus of a reservoir-incompetence of wild boar to B. burgdorferi s.l. re-

gardless of the genospecies. Equivalently, no infection was found in adult female
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Table 5.8: Literature review of prevalences of R. helvetica infections in feeding I. ricinus
ticks, organ and blood samples in relation to roe deer and wild boar.

Prevalence
Country Period Ticks  Organs or Blood Reference
Roe deer  Germany 2010-2012 16.6% 0% (Overzier etal. 2013)
Poland 2005 12.5% 0% (Stanczak et al. 2009)
Denmark 2002-2003 n.a. 0% (Skarphédinsson et al. 2005)
Slovakia 2005-2006 n.a. 3.3+6.5% (Stefanidesova et al. 2007)
Netherlands 2000-2002 n.a. 19% (Sprong et al. 2009)
Slovakia 2003-2004 n.a. 1of2 (Smetanova et al. 2006)
Sweden 1996-1997 3o0f4 n.a. (Nilsson et al. 1999)
Wild boar Slovakia 2005-2006 n.a. 0% (Stefanidesova et al. 2007)
Netherlands 2000-2002 n.a. 6.9% (Sprong et al. 2009)
Spain 2004 0% n.a. (de la Fuente et al. 2004)

R. he. = Rickettsia helvetica; n.a. = not available

ticks collected from wild boar in the Netherlands (Pacilly et al. 2014). To gain a bet-
ter understanding of the complement system of wild boar, studies using a procedure

similar to that of Bhide et al. (2005) are recommended.

5.2.2 Rickettsia infections
5.2.2.1 Roe deer

Several PCR analyses of roe deer blood and organs did not find any positive Rickett-
sia samples (Skarphédinsson et al. 2005, Smetanova et al. 2006, Stanczak et al. 2009,
Overzier et al. 2013) (see Table 5.8). These results suggest that wild cervids such as
roe deer are not compatible hosts for Rickettsia spp. in the sense that they are res-
ervoir incompetent. On the other hand, the study of Stefanidesova et al. (2007) de-
tected a single roe deer in Slovakia the spleen of which tested positive for R. helvet-
ica. In the Netherlands, the prevalence of R. helvetica in roe deer blood determined
by PCR was 19% (Sprong et al. 2009), while red deer was not infected. In addition,
R. helvetica was found in the peripheral blood of Sika deer in Japan, which leads to

the hypothesis that deer may be potential reservoir hosts for this species, increasing
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the geographical dispersion of the bacteria even further and thus playing a more

significant role in its epidemiology (Sprong et al. 2009) than previously assumed.

In contrast to this, the organ samples from roe deer in this study all tested negative
for Rickettsia spp. and thus roe deer in the Bienwald could not be confirmed as com-
petent reservoirs of Rickettsia spp. In accordance with Skarphédinsson et al. (2005),
one reason for this may be that Rickettsia infections, and particularly R. helvetica
spirochetes, have a quite focal distribution, such that the bacteria might not occur in
parts of the Bienwald. However, the high infection rates of the ticks collected within
the present study and those found in another study (Speck et al. 2013) suggest the
contrary. Another explanation for the observations made in the Bienwald may be
that the roe deer analyzed were not rickettsiemic at the time of sampling, as the
phase of an acute infection might be relatively short (Skarphédinsson et al. 2005,
Stanczak et al. 2009). This result is in accordance with the absence of any clinical
signs in roe deer in relation to Rickettsia spp. infections (cf. Sprong et al. 2009). My
results suggest thatroe deer are not a reservoir host for Rickettsia spp. Nevertheless,
the definitive reason for the negativity of all roe deer organ samples with respect to

Rickettsia spp. remains unclear.

The only Rickettsia species isolated from 1. ricinus ticks in this study was R. helvetica,
which has also been found in ticks in several European countries (Stefanidesova et
al. 2007, Sprong et al. 2009). A Swedish study found 3 of 4 I ricinus individuals col-
lected from roe deer to be positive for R. helvetica (Nilsson et al. 1999). The R. hel-
vetica infection rates of female ticks (15.7%) and male ticks (10.3%) from roe deer
in Poland (Stanczak et al. 2009) were quite similar to those reported in a study from
southern Germany (females: 18.4%, males: 13.6%) (Overzier et al. 2013). Both stud-
ies point out that the Rickettsia infection rate in female ticks was higher than in
males, while the state of engorgement did not significantly influence rickettsial oc-

currence, similar to Dautel et al. (2006).
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These findings are in contrast to my study. In the Bienwald, the mean prevalence of
Rickettsia spp. with respect to all ticks collected from roe deer was considerably
higher (47.0%) than found in previous studies. Thereby, male ticks (54.2%) were
more likely to be infected than females (45.4%). All my analyses revealed that the
prevalence of Rickettsia spp. was significantly lower in engorged I ricinus than in
unfed individuals. The decision tree showed that the state of engorgement was the
most important factor influencing the Rickettsia infection rate, followed by tick sex.
Unfed females showed a prevalence of over 80%, while the mean infection rate of
feeding females reduced to under 40% (Section 5.1.5.3). Moreover, with the logistic
regression (Section 5.1.5.4) I was able to show that with each higher level of en-
gorgement the chance of an infection was reduced even further. The influence of
feeding on female ticks seems to be the reason why in the present study the infection
rate of females was significantly lower than in males. The negative correlation be-
tween feeding and infections might indicate that roe deer are able to kill Rickettsia
spp. in the feeding ticks, similar to the situation found in B. burgdorferi s.1., although
the effect does seem to be less intense. As far as is known, this is the first report of
such a relationship between roe deer, I. ricinus feeding behavior and Rickettsia spp.
Investigations similar to those of Bhide et al. (2005) and Kurtenbach et al. (1998)

are highly recommended for Rickettsia spp. in ticks and roe deer.

One possible explanation for the high infection rates could be related to a rickettsi-
acidal effect of roe deer on feeding ticks, as discussed above. A higher roe deer pop-
ulation density would then lead to a reduction of the Rickettsia prevalence through
the feeding ticks. Overzier etal. (2013), for example, estimated a roe deer population
density at 10 animals per 100 ha in their sampling area. In contrast to this, the roe
deer density in the Bienwald during the sampling period was lower with approxi-
mately 6 individuals per 100 ha (Ehrhart 2012). Consequently, the inverse relation
between host density and infection rate might be the reason why more Rickettsia
spp. infections in ticks were observed in the present study than in the investigation

of Overzier et al. (2013).
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Impaired blood rickettsiacidal
feeding roe deer

T7 > £\ » R/

ncreased blood rickettsracidal
feeding roe deer

T7 >»E / > R\

co-feeding ingested spirochetes

T7 > E? » R/

Figure 5.4: Gregarious feeding of I ricinus on roe deer might cause three possible effects
caused by tick abundance (T) onto the level of engorgement (E) and the prevalence of Rick-
ettsia spp. (R) in the ticks. The direction of the effects are in accordance with the up- and
down-pointing arrows.

My correlation analysis (Section 5.1.5.1) and in particular the factor analysis (Sec-
tion 5.1.5.2) revealed that both the number of ticks on the entire roe deer body and
the tick density at the preferred feeding site were associated with a reduced Rickett-
sia infection rate and with a lower level of engorgement. One explanation for the
lower level of engorgement with increasing tick burden could be that only a few ticks
feed rapidly, while a higher proportion feed more slowly. Such an observation was
also made by Wang et al. (2001) showing that fast-feeding ticks seem to impair the
blood-feeding success of slow-feeding females during gregarious feeding by causing
host immune responses. Such a behavior is corroborated by my observation that at
multiple attachment sites where more than 10 ticks were feeding gregariously only
a very few ticks (1-3) were fully engorged (data not shown). However, Wang et al.
(2001) also showed that gregarious feeding also leads to an increased blood feeding
rate in female ticks. Thus, not all ticks will benefit from feeding aggregation, such

that some will have to face increased costs (as discussed above).

In combination with the assumption of a rickettsiacidal effect of roe deer, the higher
feeding rate could provide an explanation for the negative correlation between tick
density at the preferred attachment site and Rickettsia spp. infections. As a result, a

higher tick density leads to an increased blood feeding rate through aggregated
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feeding, which in turn leads to a more rapid increases of the level of engorgement of
some ticks (the faster feeding ones), such that the proposed rickettsiacidal effect of
roe deer reduces the Rickettsia infection rate (second row of Figure 5.4). Moreover,
the increased-blood-feeding hypothesis might be an explanation for why ticks from
male roe deer have significantly less Rickettsia infections than ticks from female
hosts (Section 5.1.5), because the tick intensity on male deer was significantly higher
than on female deer (cf. Chapter 4). On the other hand, the impaired blood-feeding
hypothesis (Wang etal. 2001) can be applied to explain the significantly higher num-
ber of Rickettsia infections in ticks from roe deer yearlings (Section 5.1.5.4). Since
yearlings carry a higher number of ticks than adults (Section 4.1.1), the impaired
blood-feeding success might be the reason for lower levels of engorgement and for
the increased Rickettsia prevalence (first row of Figure 5.4). The higher infection
rate might also be related to the transmission of Rickettsia spp. between attached
ticks through co-feeding (last row of Figure 5.4). The discussion above underlines
that the interdependencies of the three effects, which are summarized in Figure 5.4,
have to be considered in the epidemiological cycle of rickettsial diseases with re-

spect on roe deer and their ticks.

However, another explanation for the high prevalences found in this study cloud be
that R. helvetica is efficiently vertically transmitted through the next generation by
transovarial transmission and from one to the next life history stage by transstadial
transmission. Under laboratory conditions these effects have been demonstrated for
other Rickettsia spp. by Burgdorfer et al. (1979). In general, pathogens that benefit
from both transmission modes are less dependent on vertebrate hosts. For this rea-
son, . ricinus can be considered as a reservoir host for R. helvetica. The high infection
rates of L ricinus in combination with the findings of only R. helvetica in these ticks
underline the hypothesis that I. ricinus is an important reservoir host for R. helvetica

(Sprong et al. 2009).

The interactions between the effects discussed above in combination with seasonal

tick activity could have led to the significant changes in Rickettsia prevalences in
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relation to the sampling periods shown by the logistic regression analysis (Section
5.1.5.4). Climatic parameters in relation to tick abundance could have affected the
Rickettsia prevalence in ticks from roe deer. A correlation between tick burden and
Rickettsia spp. prevalence has been suggested (Kantsg et al. 2010, Schorn et al.
2011). The study area of Overzier et al. (2013) was a forest area with an average
temperature between 6.5 and 7.5 °C and rainfall between 950 and 1000 mm per
year. A higher average temperature (10 °C) and lower precipitation depths (680 and
700 mm) were recorded in the Bienwald during the study period. The warmer and
dryer climate in the Bienwald could constitute a more suitable habitat for I ricinus
and thus lead to higher tick prevalences and abundances (Perret et al. 2004, Gray et
al. 2009, Gilbert 2010). This is underlined by a high tick intensity on small mammals
in the Bienwald compared to that found in other studies (Skuballa 2011, Speck et al.
2013). Preliminarily sampling of ticks from the Bienwald vegetation supports these
findings (Muders and Petney, unpublished data). As a result, the observed effect of
low roe deer densities may be amplified further through higher tick abundance and
might contribute to distinctly higher Rickettsia infection rates. Additionally, Rickett-
sia prevalences in ticks collected from European hedgehogs in the Bienwald did not
exceed 17.3% (Speck et al. 2013). This fact underlines the importance of the role
that that roe deer could play in the epidemiological cycle of Rickettsia spp.

Climatic and regional differences, together with differences in the vegetation, could
lead to variation in Rickettsia prevalence (Halos et al. 2010). The Bienwald and the
study area investigated by (Stanczak et al. 2009) have about the same proportion of
woodland (=78%), but have considerably different infection rates. In this context,
roe deer prefer forest edges (Tufto et al. 1996), but these habitats in turn show
higher tick mortality rates (Randolph 2004). The occurrence of I. ricinus seems to be
higher in pure woodlands (Randolph 2004). Conversely, Halos et al. (2010) found
that Rickettsia spp. prevalence in questing I ricinus was maximal on pasture with
medium forest fragmentation. Consequently, it is possible that the risk of infection

with Rickettsia spp. depends on forest structure, as has been observed for the TBE

201



Pathogen prevalence - Discussion

virus in Italy (Rizzoli et al. 2009). A study of the opposing effects of I ricinus as vec-
tors and roe deer as probably non-compatible hosts for Rickettsia spp. in relation to
their habitat preferences could provide further insight on the pathogen distribution.
Such investigations could also provide additional information on the possible reser-

voir incompetence of roe deer.

The screening of D. reticulatus from roe deer in Germany (Dautel etal. 2006) showed
that 32.4% of ticks were infected with Rickettsia. Moreover, Dautel et al. (2006) re-
ported an average prevalence of 23% for all Rickettsia-positive ticks from the inves-
tigated deer species (i.e.red deer, roe deer and fallow deer), while all rickettsial DNA
was from the RpA4 strain. Comparing these findings to my results shows that the
tick species, as well as the Rickettsia species, may lead to variation in the infection
rates. One explanation of this behavior could be the differing modes of life of differ-
ent tick species, including parameters such as host preferences and feeding behav-
iors (Sonenshine and Roe 2013b). However, the infection prevalences reported by
Dautel et al. (2006) were averaged from all of Germany and matched those pre-
sented here most closely in comparison to the other studies, although I. ricinus was
not considered. Therefore, it would be interesting to see the results of similar stud-
ies comparing the prevalence of Rickettsia spp.in I ricinus considering multiple sam-

pling sites within Germany and Europe.

5.2.2.2 Wild boar

Stefanidesova et al . (2007) found no evidence of Rickettsia spp. in spleen samples
from wild boar. However, 7% of the whole blood from wild boar was positively
tested by PCR for R. helvetica in the study of Sprong et al. (2009). In Spain, Ortufio et
al. (2007) reported that 52.2% of wild boar were seropositive to R. slovaca. Skin bi-
opsies from wild boar in Italy (Selmi et al. 2009) identified a single positive for R.
slovaca, whereby a D. marginatus collected from the skin was also positive. Never-
theless, it is still unclear whether wild boar are able to develop a rickettsemia which

could then infect feeding ticks. Equivalently to roe deer, wild boar in the Bienwald
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appear not to harbor Rickettsia spp., since none of the organ samples showed posi-

tive during the PCR analyses (Section 5.1.3.1).

A study on D. marginatus collected from wild boar in France revealed an infection
prevalence by R. slovaca of 15.7% (Sanogo et al. 2003). In Spain, de la Fuente et al.
(2004) registered a higher infection rate of 18% in D. marginatus on wild boar, with
mainly R. slovaca being detected. Ortufio et al. (2007) reported R. slovaca in 30.5%
of the D. marginatus from wild boar in northern Spain, while their study showed no
significant deviation between questing ticks and those feeding on wild boar. A simi-
lar spotted fever group (SFG) prevalence was found by Selmi et al. (2009) with
33.9% of ticks infected. However, none of these studies investigated the Rickettsia
prevalence in I ricinus on wild boar, nor did they find R. helvetica in any of the col-

lected ticks.

In the present study the overall Rickettsia prevalence in L. ricinus from wild boar was
distinctly higher (41.7%) than in the previous studies. In addition, I was able to show
that Rickettsia spp. prevalence in ticks from wild boar decreased significantly with
a higher level of engorgement (Section 5.1.3.1). This observation could be a first in-
dicator for a rickettsiacidal influence of wild boar similar to roe deer. L. ricinus from
female boar did not have any Rickettsia spp. and all ticks removed from piglets had
a significantly higher infection rate than for those removed from older boar. This
suggests that immunity had not been developed in piglets. To date, comparative

studies in Europe, and particularly in Germany, are missing.
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Conclusion and perspectives

6.1 Summary

This is the first and most comprehensive study of roe deer and wild boar in a com-
mon habitat, including the collection of ticks and host organ samples over 3 years.
My study is not only comprehensive with respect to the number and continuity of
the acquired samples, but also in the sense that it included potential biotic and abi-
otic factors that have not been considered any previous study. The data acquisition
encompassed a multitude of parameters, such as host species, host age, host sex,
host condition, pregnancy, lactation, body mass, infestation with other parasites, cli-
mate (e.g. temperature, rainfall, cloud coverage, relative humidity and sunshine du-
ration), tick age/sex, attachment site, level of engorgement and mating status. In ad-
dition, I calculated the relative tick densities at the attachment sites, niche indices,
the spatial niche overlap, the degree of tick aggregation, as well as GDMI and tick
induced blood loss. By this means, | gained the largest dataset concerning ticks, roe

deer and wild boar currently available worldwide.

This dataset allowed the study of seasonal changes together with the analyses of
annual variations of the tick burden on both hosts, as well as of the tick-host-patho-
gen interactions. In a first step, correlation and factor analyses were used to identify
key factors influencing the dynamics of the ticks and the pathogens which they
transmit. To rank the importance of these factors, I applied multiple decision tree

analyses to different subsets of the data. To gain an even deeper understanding of
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how the key factors acted on tick abundances, population composition and pathogen

prevalence appropriate state-of-the-art modeling techniques were used. In Central

Europe, and in particular in Germany, such a three-step statistical evaluation is

unique. This approach shows how important a long sampling period is for the iden-

tification of the factors influencing inter-annual variation.

1)

2)

3)

4)

5)

6)
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[ was the first to find that tick aggregation was lowest on roe deer yearlings for
all tick life history stages, while fawns and hosts in a poorer condition showed
a higher aggregation of ticks. At the same time, tick abundance was highest on
yearlings, followed by adults and fawns. I propose that these patterns might be
related to the “exposure” hypothesis, and that thus roe deer movement patterns
might significantly influence tick aggregation and abundance.

Wild boar piglets were most intensely infested by 1. ricinus. The lower tick abun-
dance on older boar could be explained by the higher proportion of dead ticks
on these host animals. The higher tick mortality might be a first indicator that
these age groups have a higher physical defense and/or an acquired resistance
to ticks.

This study also showed that tick abundance on roe deer and wild boar not only
follows seasonal changes, but can also have a high variability between years.
Climatic factors have a strong influence on roe deer and wild boar, explaining
the bimodal seasonal peak densities of the ticks. Tick activity on roe deer
started between 8 and 9 °C. I found the first evidence that ticks can be active on
roe deer at temperatures as low as -1.8 °C. All of these observations indicate
that ticks in the Bienwald are active all year.

For wild boar, this study was the first that examined tick burden in relation to
climatic parameters. Although sample sizes were low, cloud coverage, relative
humidity and saturation deficit were significantly negatively correlated with
tick density on this species.

By using a decision tree analysis [ determined an activity threshold in relation
to relative humidity (80.4%) above which the tick infestation intensity of roe

deer was reduced significantly.
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7) Additionally, the GAMLSS models demonstrated for the first time that precipi-
tation had a significant, but non-linear relationship with adult and immature
tick burden on both roe deer and wild boar.

8) My results clearly confirmed a sex-biased tick behavior on roe deer, such that
male deer were significantly more highly infested than females.

9) So far, this study is the only one that considers host condition as an important
factor for tick infestation. | demonstrated that healthier roe deer burdened with
fewer other parasites carried significantly fewer ticks than roe deer in a poorer
or crippled condition. Pregnant or nursing female deer had a significantly
higher infestation than other individuals.

10) I determined that only very few roe deer are likely to suffer from tick induced
blood loss.

11) My attachment site analysis revealed that adult ticks preferred the abdomen
and the sternum, while immatures were predominantly found on the ears. With
respect to the [IFDH, I confirmed that ticks actively choose their feeding site sup-
porting the hypothesis of pheromone-based on-host aggregation of I ricinus
which plays a key role for co-feeding.

12) The overall tick abundance on wild boar, with many dead ticks, was significantly
lower than on roe deer. Although both species share a common habitat, wild
boar are a less important food source for ticks, while roe deer are the dominant
host for adult female ticks.

13) In comparison to previous model-driven analyses that were based on signifi-
cantly smaller datasets, I demonstrated that the GAMLSS approach applied to
long-term, raw data can reveal details of the relationships between tick parasit-
ism, biotic and abiotic factors, even if they are non-linear.

14) In particular, with respect to wild boar, [ was able to successfully estimate GAM-
LSS models for the first time to gain a better understanding of the relationship
between climatic factors and tick infestation.

15) The multinomial logistic regression that modelled the composition of tick pop-
ulation is also new in the sense that it included data from each season of the 3

years and from all body parts.
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With respect to Rickettsia and Borrelia infections [ was able to confirm past research

result, but also made several novel findings:

1)

2)

3)

4)

5)

6)

7)

8)

9)

R. helvetica was the only Rickettsia species found in the Bienwald with a mean
prevalence in ticks from roe deer and wild boar reaching almost 50%. Such high
infection rates in ticks have not been observed by any other previous study.

In my study, none of the organ samples showed positive for these pathogens,
confirming that roe deer and wild boar are reservoir-incompetent hosts for B.
burgdorferi s.l., as well as for Rickettsia spp.

One of my main novel findings was that the prevalence of R. helvetica was sig-
nificantly lower in engorged I. ricinus than in unengorged individuals. This was
also the reason why male ticks were more likely to be infected than females.
This observation was true independently of the host species.

In addition, with higher levels of engorgement the Rickettsia infection rate de-
creased significantly.

Therefore, I hypothesize that roe deer and wild boar blood is able to kill Rick-
ettsia spp. in the feeding ticks. For both host species, this is the first report of a
rickettsiacidal influence.

My study of this effect showed that interactions between multiple factors, such
as impaired and increased blood feeding, co-feeding, climate, host population
density and tick abundance, can be used to explain the lower infection preva-
lences in feeding I ricinus ticks.

Thereby, I observed for the first time that ticks collected from wild boar piglets
had a significantly higher Rickettsia infection rate than for those removed from
older boar suggesting that immunity in piglets had not been developed.

The B. burgdorferi s.l. infection rate of I. ricinus in the Bienwald was relatively
low (3.4%), with higher infection prevalences in male ticks than in females,
while prevalences showed a seasonal pattern in synchrony with tick abun-

dance.

10) Ticks from yearlings had the highest Borrelia prevalences.
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11) Additionally, ticks found on the ears of roe deer and wild boar showed signifi-
cantly increased infection rates.

12) My finding that engorged female ticks on roe deer were never infected, clearly
confirmed that this host species is reservoir incompetent for B. burgdorferi s.l.
This leads to the conclusion that increasing population densities of deer could
reduce the infection rate significantly.

13) For the first time, my study proposes a borreliacidal effect for wild boar and

thus of a reservoir-incompetence to B. burgdorferi s.l.

In summary, both host species can be considered as dilution hosts for B. burgdorferi
s.l. species and Rickettsia spp., whereby roe deer play a key role as host for I. ricinus
ticks providing a platform for co-feeding and tick propagation. The role of wild boar
seems to be considerably less important in the epidemiological life cycle of tick-
borne diseases, although this species could serve a propagation host for ticks and

thus for pathogens as well.

Results from the northern (e.g. Norway) and southern parts (e.g. Spain and Italy) of
Europe showed considerable differences to my study. This suggests that result from
other regions are not transferable to Central Europe. My study showed that a con-
tinuous and coherent sample acquisition is essential to make general statements
about tick behavior and pathogen life cycles. Therefore, additional long-term studies
in Central Europe, and particularly in Germany are needed to gain results for com-
parative purposes. The presence of the agent of Lyme borreliosis and of SFG Rickett-

sia in the Bienwald pose a potential risk for humans and justifies further research.

6.2 Future Work

The population density of ungulate hosts, particularly roe deer, strongly affects tick
abundance (Wilson et al. 1984, Hudson et al. 2001, Perkins et al. 2006, Rizzoli et al.
2009, Tagliapietraetal. 2011). Therefore, accurate estimates of population densities
are unavoidable in order to make results from different studies comparable on an

absolute scale. Concurrently to the collection of ticks and organ samples, the roe
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deer density in the Bienwald has been estimated based on faecal density and cam-
era-traps (cf. Ebert etal. 2012, Ehrhart 2012). Combining host density data with my
dataset could provide more information on the relationships between ungulate host
species and tick burden. For wild boar, very little research on the effect of population
density on tick abundance has been conducted. Thus, a study that estimates host

population density is strongly recommended.

In addition to this, tick samples from the vegetation by drag sampling (Neumaier
2012, Zoller 2014), from forest rodents (Schweikert 2012, Schaeffer and Petney, un-
published data) and from sheep (Moser 2012) were collected in the Bienwald during
the period of my study. Within the BWPLUS project similar studies were carried out
simultaneously (Fritschmann 2012, Petney et al. 2014, Sebastian et al. 2014, Pfaffle
etal. 2015a, 2015b). Moreover, other environmental factors, such as vegetation and
soil types, as well as the community structure of available hosts in the Bienwald
could affect ticks and pathogens (Sonenshine and Roe 2013a, 2013b). A combination
of those datasets was beyond the scope of this thesis, but could provide a more com-
plete view of the tick and pathogen life cycles within the study area as well as on a
larger scale (left vs. right bank of the Rhine). Additionally, future long-term studies
on interactions of ticks, roe deer, wild boar and pathogens in the Bienwald and
within the BWPLUS project are highly recommended using my results as a refer-

ence.

During the sample acquisition of this study blood samples were collected from all
host animals. Their evaluation could provide more information on host condition,
reservoir competence and pathogen transmission. For example, an analysis of host
testosterone levels could provide additional confirmation of the sex-biased behavior
of I. ricinus, and about the influence of ticks on host condition. The determination of
Borrelia and Rickettsia genospecies was not possible for all samples due to financial
constraints. However, the samples are still available for future analyses. Addition-

ally, future investigations could determine whether other pathogens (e.g. Babesia
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spp., Bartonella spp., Ehrlichia spp., etc.) are present in the ticks and/or in the organ

samples collected in the Bienwald.

211






References

Afzelius, A., 1910. Verhandlungen der dermatologischen Gesellschaft zu Stockholm, 16.
Dezember 1909. Arch. Dermatol. Syph. 101, 405-406.

Aguirre, A.A., Brojer, C., Morner, T., 1999. Descriptive epidemiology of roe deer mortality
in Sweden. ]J. Wildl. Dis. 35, 753-762.

Alberdi, M.P., Walker, A.R., Urquhart, K.A., 2000. Field evidence that roe deer (Capreolus
capreolus) are a natural host for Ehrlichia phagocytophila. Epidemiol. Infect. 124,
315-323.

Alonso, S., Marquez, F.J., Solano-Gallego, L., 2012. Borrelia burgdorferi serosurvey in wild
deer in England and Wales. Vector-Borne Zoonotic Dis. 12, 448-455.

Anczikowski, 1., 2009. Zur Bekdmpfung der Klassischen Schweinepest (KSP) bei
Schwarzwild in Nordrhein-Westfalen: Analyse des Seuchengeschehens 2002 bis 2007
unter besonderer Bertiicksichtigung der oralen Immunisierung (Dissertation). Freie
Universitat Berlin.

Andersen, R,, Duncan, P., Linnell, ].D.C., 1998. The European roe deer: the biology of
success. Scandinavian University Press, Oslo.

Andersen, R, Linnell, ].D.C., Aanes, R., 1995. Roe deer in an agricultural landscape. Final
report. Norwgian Institute for Nature Research Fagrapport.

Apelt, ].M., 2007. Hygienestatus von frisch erlegten Wildtieren aus verschiedenen
Jagdrevieren Deutschlands (Dissertation). Tierarztliche Hochschule Hannover.

Applied Biosystems, 2010. TagMan® Universal PCR Master Mix Protocol.

Aragén, S., Braza, F., San Jose, C., 2006. Socioeconomic, physiognomic, and climatic factors
determining the distribution pattern of roe deer Capreolus capreolus in Spain. Acta
Theriol. (Warsz). 40, 37-43.

Arnold, W., 2008. Schwarzwild - Hintergriinde einer Explosion, in: Proc. Fachseminar -
Schwarzwildbewirtschaftung. Bildungs- und Wissenszentrum Aulendorf -
Viehhaltung, Griinlandwirtschaft, Wild, Fischerei - Wildforschungsstelle, Aulendorf,
pp. 26-32.

Arthur, D.R,, 1960. On the genera Dermacentor, Anocentor, Cosmiomma, Boophilus and

Margaropus., in: Nuttall, G.H.F. (Ed.), Ticks. A Monograph of the Ixodoidea. Cambridge
University Press, London, pp. 1-250.

Aspock, H., 2008. Durch Arthropoden iibertragene Erreger von Infektionen des Menschen
in Mitteleuropa - ein Update. Mitteilungen der Dtsch. Gesellschaft fiir Allg. und
Angew. Entomol. 16, 371-392.

Azad, AF, Beard, C.B., 1998. Rickettsial pathogens and their arthropod vectors. Emerg.
Infect. Dis. 4, 179-186.

Bafverstedt, B, 1953. Lymphadenosis benigna cutis as a symptom of malignant tumours.
Acta Derm. Venereol. 33, 171-180.



References

Bafverstedt, B., 1960. Lymphadenosis benigna cutis (LABC), its nature, course and
prognosis. Acta Derm. Venereol. 40, 10-18.

Baldridge, G.D., Kurtti, T.]., Burkhardt, N., Baldridge, A.S., Nelson, C.M,, Oliva, A.S.,
Munderloh, U.G., 2007. Infection of Ixodes scapularis ticks with Rickettsia monacensis
expressing green fluorescent protein: A model system. J. Invertebr. Pathol. 94, 163-
174.

Balmelli, T., Piffaretti, J.-C., 1995. Association between different clinical manifestations of
Lyme disease and different species of Borrelia burgdorferi sensu lato. Res. Microbiol.
146, 329-340.

Bannwarth, A., 1941. Chronische lymphocytare Meningitis, entziindliche Polyneuritis und
“Rheumatismus.” Arch. Psychiatr. Nervenkr. 113, 284-376.

Baranton, G., De Martino, S.J., 2009. Borrelia burgdorferi sensu lato Diversity and Its
Influence on Pathogenicity in Humans, in: Itin, P., Lipsker, D., Jaulhac, B. (Eds.),
Current Problems in Dermatology. Karger, Basel, pp. 1-17.

Barbour, A.G., Bunikis, J., Travinsky, B., Hoen, A.G., Diuk-Wasser, M.A,, Fish, D., Tsao, ].I,,
2009. Niche partitioning of Borrelia burgdorferi and Borrelia miyamotoi in the same
tick vector and mammalian reservoir species. Am. ]. Trop. Med. Hyg. 81, 1120-1131.

Barbour, A.G., Burgdorfer, W., Hayes, S.F., Péter, O., Aeschlimann, A., 1983. Isolation of a
cultivable spirochete from Ixodes ricinus ticks of Switzerland. Curr. Microbiol. 8, 123-
126.

Barbour, A.G., Fish, D., 1993. The biological and social phenomenon of Lyme disease.
Science 260, 1610-1616.

Barbour, A.G., Hayes, S.F., 1986. Biology of Borrelia species. Microbiol. Rev. 50, 381-400.

Barker, S.C., Murrell, A.,, 2004. Systematics and evolution of ticks with a list of valid genus
and species names. Parasitology 129, S15-S36.

Barrios-Garcia, M.N., Ballari, S.A., 2012. Impact of wild boar (Sus scrofa) in its introduced
and native range: A review. Biol. Invasions 14, 2283-2300.

Barutzki, V.D., Richter, R., 1990. Untersuchungen zum Endoparasitenbefall bei
Wildschweinen aus freier Wildbahn. Z. Jagdwiss. 36, 244-251.

Beati, L., Péter, O., Burgdorfer, W., Aeschlimann, A., Raoult, D., 1993. Confirmation that
Rickettsia helvetica sp. nov. is a distinct species of the spotted fever group of
rickettsiae. Int. ]. Syst. Bacteriol. 43, 521-526.

Bellet-Edimo, R., Betschart, B., Gern, L., 2005. Frequency and efficiency of transovarial and
subsequent transstadial transmissions of Borrelia burgdorferi sensu lato in Ixodes
ricinus Ticks. Bull. la Société Neuchételoise des Sci. Nat. 128, 117-125.

Benson, D.A.,, Karsch-Mizrachi, L., Lipman, D.J., Ostell, ], Sayers, E.W., 2009. GenBank.
Nucleic Acids Res. 37, D26-D31.

Bhide, M.R.,, Travnicek, M., Levkutova, M., Curlik, J., Revajova, V., Levkut, M., 2005.
Sensitivity of Borrelia genospecies to serum complement from different animals and
human: a host-pathogen relationship. FEMS Immunol. Med. Microbiol. 43, 165-172.

Bieber, C., Ruf, T., 2002. Populationsékologie des Schwarzwildes. Osterreichs Weidw. 8,
11-14.

Binder, E., Doefmer, R., Hornstein, 0., 1955. Experimentelle Ubertragung des Erythema
chronicum migrans von Mensch zu Mensch. Hautarzt 6, 494-496.

214



References

Bloemer, S.R., Zimmerman, R.H., Fairbanks, K., 1988. Abundance, attachment sites, and
density estimators of lone star ticks (Acari: Ixodidae) infesting white-tailed deer. ].
Med. Entomol. 25, 295-300.

Blottner, S., Hingst, O., Meyer, H.H., 1996. Seasonal spermatogenesis and testosterone
production in roe deer (Capreolus capreolus). ]. Reprod. Fertil. 108, 299-305.

Body, G., Ferté, H., Gaillard, J.-M., Delorme, D., Klein, F., Gilot-Fromont, E., 2011. Population
density and phenotypic attributes influence the level of nematode parasitism in roe
deer. Oecologia 167, 635-646.

Bonnot, N., Verheyden, H., Blanchard, P., Cote, ]., Debeffe, L., Cargnelutti, B., Klein, F.,
Hewison, A.J.M., Morellet, N., 2014. Inter-individual variability in habitat use:
evidence for a risk management syndrome in roe deer ? Behav. Ecol. 00, 1-10.

Boretti, F.S,, Perreten, A., Meli, M.L., Cattori, V., Willi, B., Wengi, N., Hornok, S., Honegger, H.,
Hegglin, D., Woelfel, R., Reusch, C.E., Lutz, H., Hofmann-Lehmann, R., 2009. Molecular
investigations of Rickettsia helvetica infection in dogs, foxes, humans, and Ixodes ticks.
Appl. Environ. Microbiol. 75, 3230-3237.

Boyard, C., Vourc’h, G., Barnouin, J., 2008. The relationships between Ixodes ricinus and
small mammal species at the woodland-pasture interface. Exp. Appl. Acarol. 44, 61-
76.

Briedermann, L., 2009. Schwarzwild, 1st ed. Franckh-Kosmos Verlag, Stuttgart.

Brossard, M., Wikel, S.K., 2004. Tick immunobiology. Parasitology 129, 161-176.

Brownstein, ].S., Skelly, D.K,, Holford, T.R., Fish, D., 2005. Forest fragmentation predicts
local scale heterogeneity of Lyme disease risk. Oecologia 146, 469-475.

Brunnemann, C., 2010. Untersuchungen zur Haufigkeit von Borrelia burgdorferi sensu lato
in Ixodes ricinus aus Ostvorpommern (Dissertation). Ernst-Moritz-Arndt-Universitat
Greifswald.

Briitt, E., 1955. Zur Biologie der Wildschweinlaus. Z. Jagdwiss. 1, 145-148.
Buchwald, A., 1883. Ein Fall von diffuser idiopathischer Haut-Atrophie. Vierteljahresschrift
fiir Dermatologie und Syph. 10, 553-556.

Burgdorfer, W., Aeschlimann, A,, Peter, O., Hayes, S.F., Philip, R.N., 1979. Ixodes ricinus:
vector of a hitherto undescribed spotted fever group agent in Switzerland. Acta Trop.
36,357-367.

Burgdorfer, W., Barbour, A.G., Hayes, S.F., Benach, ].L., Grunwaldt, E., Davis, ].P., 1982. Lyme
disease-a tick-borne spirochetosis? Science 216, 1317-1319.

Burgdorfer, W., Barbour, A.G., Hayes, S.F., Péter, 0., Aeschlimann, A., 1983. Erythema
chronicum migrans - a tickborne spirochetosis. Acta Trop. 40, 79-83.

Burgdorfer, W., Brinton, L.P., 1975. Mechanisms of transovarial infection of spotted fever
Rickettsiae in ticks. Ann. N. Y. Acad. Sci. 266, 61-72.

Burlinski, P., Janiszewski, P., Anna, K., GonkowsKi, S., 2011. Parasitofauna in the
gastrointestinal tract of the cervids (cervidae) in northern poland. Acta Vet. Brno. 61,
269-282.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach, 2nd ed. Springer, New York.

Cargnelutti, B., Reby, D., Desneux, L., Angibault, ].-M., Joachim, ]., Hewison, A.J.M., 2002.
Space use by roe deer in a fragmented landscape: some preliminary results. Rev Ecol
Terre Vie 57, 29-37.

215



References

Carpi, G., Cagnacci, F., Neteler, M., Rizzoli, A.P., 2008. Tick infestation on roe deer in
relation to geographic and remotely sensed climatic variables in a tick-borne
encephalitis endemic area. Epidemiol. Infect. 136, 1416-1424.

Casjens, S., 2000. Borrelia genomes in the year 2000. ]. Mol. Microbiol. Biotechnol. 2, 401-
410.

Casjens, S.R,, Fraser-Liggett, C.M., Mongodin, E.F., Qiu, W.-G., Dunn, ].J., Luft, B.J., Schutzer,
S.E.,, 2011a. Whole genome sequence of an unusual Borrelia burgdorferi sensu lato
isolate. ]. Bacteriol. 193, 1489-1490.

Casjens, S.R,, Mongodin, E.F., Qiu, W.-G., Dunn, ].]., Luft, B.]., Fraser-Liggett, C.M., Schutzer,
S.E., 2011b. Whole-Genome sequences of two Borrelia afzelii and two Borrelia garinii
Lyme disease agent isolates. ]. Bacteriol. 193, 6995-6996.

Chambers, .M., Hastie, T.J., 1992. Statistical models, in: Statistical Models in S. Wadsworth
& Brooks/Cole Advanced Books & Software, pp. 13-44.

Chan, Y.G.Y., Cardwell, M.M., Hermanas, T.M., Uchiyama, T., Martinez, ].]., 2009. Rickettsial
outer-membrane protein B (rOmpB) mediates bacterial invasion through Ku70 in an
actin, c-Cbl, clathrin and caveolin 2-dependent manner. Cell. Microbiol. 11, 629-644.

Christe, P., Glaizot, O., Evanno, G., Bruyndonckx, N., Devevey, G., Yannic, G., Patthey, P.,
Maeder, A., Vogel, P., Arlettaz, R., 2007. Host sex and ectoparasites choice: Preference
for, and higher survival on female hosts. ]. Anim. Ecol. 76, 703-710.

Chu, C.Y,, Liu, W,, Jiang, B.G., Wang, D.M,, Jiang, W.]., Zhao, Q.M., Zhang, P.H., Wang, Z.X,,
Tang, G.P., Yang, H., Cao, W.C., 2008. Novel genospecies of Borrelia burgdorferi sensu
lato from rodents and ticks in Southwestern China. J. Clin. Microbiol. 46, 3130-3133.

Ciceroni, L., Pinto, A., Ciarrocchi, S., Ciervo, A., 2006. Current knowledge of rickettsial
diseases in Italy. Ann. N. Y. Acad. Sci. 1078, 143-149.

Cisek, A., Balicka-Ramisz, A., Ramisz, A., Pilarczyk, B., 2003. Occurrence of gastro-intestinal
nematodes in cervids (Cervidae) of north-western Poland. Electron. ]. Polish Agric.
Univ. 6, 1-7.

Cisek, A., Balicka-Ramisz, A., Ramisz, A., Pilarczyk, B., 2004. Monitoring of parastic fauna in
wild living animals in Western Pomerania region (Poland). Folia Univ. Agric. Stetin.
Zootech. 236, 15-20.

Coulon, A., Morellet, N., Goulard, M., Cargnelutti, B., Angibault, ].-M., Hewison, A.].M., 2008.
Inferring the effects of landscape structure on roe deer (Capreolus capreolus)
movements using a step selection function. Landsc. Ecol. 23, 603-614.

Coutte, L., Botkin, D.J., Gao, L., Norris, S.J., 2009. Detailed analysis of sequence changes
occurring during vIsE antigenic variation in the mouse model of Borrelia burgdorferi
infection. PLoS Pathog. 5,e1000293.

Da Franca, I, Santos, L., Mesquita, T., Collares-Pereira, M., Baptista, S., Vieira, L., Viana, I.,
Vale, E., Prates, C., 2005. Lyme borreliosis in Portugal caused by Borrelia lusitaniae?
Wien. Klin. Wochenschr. 117, 429-432.

Daniel, M., Dusbabek, F., 1994. Micrometeorological and microhabitat factors affecting
maintenance and dissemination of tick-borne diseases in the environment, in:
Sonenshine, D.E., Mather, T.N. (Eds.), Ecological Dynamics of Tick-Borne Zoonoses.
Oxford University Press, New York, pp. 91-138.

Danilkin, A.A., 1995. Capreolus pygargus. Mamm. Species 512, 1-7.

Darvishi, M.M.,, Youssefi, M.R., Changizi, E., Shayan, P., Lima, R.R., Rahimi, M.T., 2014.
Biology of Dermacentor marginatus (Acari: Ixodidae) under laboratory conditions.
Asian Pacific . Trop. Dis. 4, S284-5289.

216



References

Dautel, H., 2010. Zecken und Temperatur, in: Aspock, H. (Ed.), Krank Durch Arthropoden,
Denisia 30. Biologiezentrum, Oberosterreichische Landesmuseen, Linz, pp. 149-170.

Dautel, H., Dippel, C., Oehme, R., Hartelt, K., Schettler, E., 2006. Evidence for an increased
geographical distribution of Dermacentor reticulatus in Germany and detection of
Rickettsia sp. RpA4. Int. ]. Med. Microbiol. 296, 149-156.

Dautel, H., Kahl, 0., 1999. Ticks (Acari: Ixodoidea) and their medical importance in the
urban environment, in: Robinson, W.H., Rettich, F., Rambo, G.W. (Eds.), Proc. 3rd
International Conference on Urban Pests. pp. 73-82.

David, A, 2012. Unter Rehen: Biologie - Bejagung - Hege, 1st ed. Miiller Riischlikon,
Stuttgart.

De Carvalho, L.L., Fonseca, J.E., Marques, ].G., Ullmann, A., Hojgaard, A., Zeidner, N., Nuncio,
M.S., 2008. Vasculitis-like syndrome associated with Borrelia lusitaniae infection. Clin.
Rheumatol. 27, 1587-1591.

De la Fuente, |., Kocan, K.M., 2006. Strategies for development of vaccines for control of
ixodid tick species. Parasite Immunol. 28, 275-283.

De la Fuente, ], Naranjo, V., Ruiz-Fons, F., Vicente, |., Estrada-Pefia, A., Almazan, C., Kocan,
K.M., Martin, M.P., Gortdzar, C., 2004. Prevalence of tick-borne pathogens in ixodid
ticks (Acari: Ixodidae) collected from European wild boar (Sus scrofa) and Iberian red
deer (Cervus elaphus hispanicus) in central Spain. Eur. J. Wildl. Res. 50, 187-196.

de-la-Muela, N., Hernandez-de-Lujan, S., Ferre, 1., 2001. Helminths of wild boar in Spain. J.
Wildl. Dis. 37, 840-843.

Demaerschalck, I, Ben Messaoud, A., de Kesel, M., Hoyois, B., Lobet, Y., Hoet, P., Bigaignon,
G., Bollen, A, Godfroid, E., 1995. Simultaneous presence of different Borrelia

burgdorferi genospecies in biological fluids of Lyme disease patients. J. Clin.
Microbiol. 33, 602-608.

Deutscher Jagdverband, 2014a. DJV-Handbuch Jagd. D]V-Service & Marketing GmbH.

Deutscher Jagdverband, 2014b. Jahresstrecke Rehwild, in: DJV-Handbuch Jagd. DJV-
Service & Marketing GmbH, Bonn.

Deutscher Jagdverband, 2014c. Jahresstrecke Schwarzwild, in: DJV-Handbuch Jagd. DJV-
Service & Marketing GmbH, Bonn.

Deutz, A., Gasteiner, ]., Buchgraber, K., 2009. Fiitterung von Reh- und Rotwild : ein
Praxisratgeber, 2nd ed. Stocker, Graz; Stuttgart.

Dobec, M., Golubic, D., Punda-Polic, V., Kaeppeli, F., Sievers, M., 2009. Rickettsia helvetica in
Dermacentor reticulatus ticks. Emerg. Infect. Dis. 15, 98-100.

Dobler, G., Woélfel, R., 2009. Typhus and other rickettsioses: emerging infections in
Germany. Dtsch. Arztebl. Int. 106, 348-354.

Dobson, A.P., Cattadori, .M., Holt, R.D., Ostfeld, R.S., Keesing, F., Krichbaum, K., Rohr, J.R,,
Perkins, S.E., Hudson, P.J., 2006. Sacred Cows and Sympathetic Squirrels: The
Importance of Biological Diversity to Human Health. PLoS Med. 3, e231.

Donnelly, J., 1987. The ecology of Ixodes ricinus. Public Heal. Lab. Serv. Microbiol. Dig. 4,
52-53.

Dorr, B., Gothe, R., 2001. Cold-hardiness of Dermacentor marginatus (Acari: Ixodidae). Exp.
Appl. Acarol. 25, 151-169.

Dorrschuck, A, Kock, S., Lennerz, A., Hein-Marchlowitz, S., Sudowe, S., 2014. Zecken-
iibertragbare Erkrankungen - Borreliose - Anaplasmose - Babesiose - FSME -
Fachinformation 0097. GANZIMMUN Diagnostics AG, Mainz.

217



References

Drozdz, J., Demiaszkiewicz, A.W., Lachowicz, ]., 1992. The helminth fauna of the roe deer
Capreolus capreolus (L.) in a hunting area inhabited by red deer, elk and European
bison (Borecka Forest, Poland) over the yearly cycle. Acta Parasitol. Pol. 37, 83-88.

Drozdz, J., Dudzinski, W., 1993. Changes in the intensity of infection of the roe deer,
Capreolus capreolus (L.), with abomasum nematodes in relation to host density in a
hunting ground. Acta Parasitol. Pol. 39, 92-94.

Drozdz, ., Lachowicz, ]., Demiaszkiewicz, A.W., Sulgostowska, T., 1987. Abomasum
nematodes in field and forest roe deer Capreolus capreolus (L.) over the yearly cycle.
Acta Parasitol. Pol. 32, 339-348.

Duffy, D.C., Campbell, S.R., 1994. Ambient air temperature as a predictor of activity of adult
Ixodes scapularis (Acari: Ixodidae). ]. Med. Entomol. 31, 178-180.

Duffy, D.C., Campbell, S.R., Clark, D., Dimotta, C., Gurney, S., 1994. Ixodes scapularis (Acari:
Ixodidae) Deer Tick Mesoscale Populations in Natural Areas: Effects of Deer, Area,
and Location. J. Med. Entomol. 31, 152-158.

Durden, L.A., 2006. Taxonomy, host associations, life cycles and vectorial importance of
ticks parasitizing small mammals, in: Morand, S., Krasnov, B.R., Poulin, R. (Eds.),
Micromammals and Macroparasites. Springer, Tokyo, Japan, pp. 91-102.

Duscher, G., 2006. Parasiten bei Wildtieren und deren jagdwirtschaftliche Bedeutung.
Veterinar Parasitologie Wien, Department fiir Pathobiologie, Veterindrmedizinische
Universitit Wien, Wien.

Dyk, V., Chroust, K., 1974. Helminths and coccidia of roe-deer in two neighbouring
ecologically different regions (in Czechoslovakia). Acta Vet. Brno 43, 65-77.

Ebert, C., Sandrini, ]., Spielberger, B., Thiele, B.,, Hohmann, U., 2012. Non-invasive genetic
approaches for estimation of ungulate population size: a study on roe deer (Capreolus
capreolus) based on faeces. Anim. Biodivers. Conserv. 35, 267-275.

Ehrhart, H.-P., 2012. Jahresbericht 2012. Zentralstelle der Forstverwaltung,
Forschungsanstalt fiir Waldokologie und Forstwirtschaft Rheinland-Pfalz, Trippstadt,
Germany.

Elfving, K., Olsen, B., Bergstrom, S., Waldenstrom, J., Lundkvist, A., Sjostedt, A., Mejlon, H.A,,

Nilsson, K., 2010. Dissemination of spotted fever rickettsia agents in Europe by
migrating birds. PLoS One 5, e8572.

Embers, M.E,, Liang, F.T., Howell, ].K,, Jacobs, M.B., Purcell, ].E., Norris, S.J., Johnson, B.].B,,
Philipp, M.T., 2007. Antigenicity and recombination of VIsE, the antigenic variation
protein of Borrelia burgdorferi, in rabbits, a host putatively resistant to long-term
infection with this spirochete. FEMS Immunol. Med. Microbiol. 50, 421-429.

Embers, M.E., Ramamoorthy, R., Philipp, M.T., 2004. Survival strategies of Borrelia
burgdorferi, the etiologic agent of Lyme disease. Microbes Infect. 6, 312-318.

Epe, V.C, Spellmeyer, 0., 1997. Untersuchungen {liber das Vorkommen von Endoparasiten
beim Schwarzwild. Z. Jagdwiss. 43, 99-104.

Eslami, A, Farsad-Hamdj, S., 1992. Helminth parasites of wild boar, Sus scrofa, in Iran. J.
Wildl. Dis. 28, 316-318.

Estrada-Pefia, A., 1999. Geostatistics as predictive tools to estimate Ixodes ricinus (Acari:
Ixodidae) habitat suitability in the western palearctic from AVHRR satellite imagery.
Exp. Appl. Acarol. 23, 337-349.

Estrada-Pefia, A., 2001. Distribution, abundance, and habitat preferences of Ixodes ricinus
(Acari: Ixodidae) in northern Spain. J. Med. Entomol. 38, 361-370.

218



References

Estrada-Peia, A., Bouattour, A., Camicas, J.-L., Walker, A.R., 2004a. Ticks of Domestic
Animals in the Mediterranean Region: A guide to identification of species. University
of Zaragoza, Zaragoza, Spain.

Estrada-Pefia, A, Nava, S., Petney, T.N., 2013. Description of all the stages of Ixodes
inopinatus n. sp. (Acari: Ixodidae). Ticks Tick. Borne. Dis. 5, 734-743.

Estrada-Pefia, A., Osacar, |.J., Pichon, B., Gray, ].S., 2005. Hosts and pathogen detection for
immature stages of Ixodes ricinus (Acari: Ixodidae) in North-Central Spain. Exp. Appl.
Acarol. 37,257-268.

Estrada-Pefia, A., Quilez, ]., del Cacho, E., Acedo, C.S., 2006. A framework to map abundance
of tick metapopulations. Ecol. Modell. 193, 663-674.

Estrada-Pefia, A., Quilez, ]., Sanchez Acedo, C., 2004b. Species composition, distribution,
and ecological preferences of the ticks of grazing sheep in north-central Spain. Med.
Vet. Entomol. 18, 123-133.

Estrada-Pefia, A., Venzal, ].M., 2007. Climate niches of tick species in the Mediterranean
region: modeling of occurrence data, distributional constraints, and impact of climate
change. J. Med. Entomol. 44, 1130-1138.

Faulde, M., Hoffmann, G., 2001. Vorkommen und Verhiitung vektorassoziierter
Erkrankungen des Menschen in Deutschland unter Beriicksichtigung zoonotischer
Aspekte. Bundesgesundheitsblatt. Gesundheitsforschung. Gesundheitsschutz 44,
116-136.

Fernandez-Soto, P., Pérez-Sanchez, R., Encinas-Grandes, A., Sanz, R.A., 2004. Detection and
identification of Rickettsia helvetica and Rickettsia sp. IRS3/IRS4 in Ixodes ricinus
ticks found on humans in Spain. Eur. J. Clin. Microbiol. Infect. Dis. 23, 648-649.

Ferrari, N., Cattadori, .M., Nespereira, |, Rizzoli, A.P., Hudson, P.]., 2003. The role of host
sex in parasite dynamics: field experiments on the yellow-necked mouse Apodemus
flavicollis. Ecol. Lett. 7, 88-94.

Fish, D., Childs, J.E., 2009. Community-based prevention of Lyme disease and other tick-
borne diseases through topical application of acaricide to white-tailed deer:
background and rationale. Vector-Borne Zoonotic Dis. 9, 357-364.

Floris, R., Menardj, G., Bressan, R,, Trevisan, G., Ortenzio, S., Rorai, E., Cinco, M., 2007.
Evaluation of a genotyping method based on the ospA gene to detect Borrelia
burgdorferi sensu lato in multiple samples of Lyme borreliosis patients. New
Microbiol. 30, 399-410.

Foata, J., Mouillot, D., Culiolj, ]J.-L., Marchand, B., 2006. Influence of season and host age on
wild boar parasites in Corsica using indicator species analysis. ]. Helminthol. 80, 41-
45.

Fois, F., Mereu Piras, P., Pilo, C,, Liciardi, M., Cabras, P.A., 2012. Preliminary notes on the
presence of Haematopinus apri (Phthiraptera: Anoplura) in Sardinia, in: Proc. Mappe
Parassitologiche. Societa Italiana di Parassitologia, Alghero, p. 110.

Foldvari, G., Farkas, R, Lakos, A., 2005. Borrelia spielmanii Erythema migrans, Hungary.
Emerg. Infect. Dis. 11, 1794-1795.

Folstad, L., Karter, A.J., 1992. Parasites, Bright Males, and the Immunocompetence
Handicap. Am. Nat. 139, 603-622.

Fourie, L.]., Horak, I.G., van Zyl, ].M., 1991. Sites of attachment and intraspecific infestation
densities of the brown paralysis tick (Rhipicephalus punctatus) on Angora goats. Exp.
Appl. Acarol. 12, 243-249.

219



References

Fournier, P.-E., Allombert, C., Supputamongkol, Y., Caruso, G., Brouqui, P., Raoult, D., 2004.
Aneruptive Fever Associated with Antibodies to Rickettsia helvetica in Europe and
Thailand. ]. Clin. Microbiol. 42, 816-818.

Fournier, P.-E., Fujita, H., Takada, N., Raoult, D., 2002. Genetic identification of rickettsiae
isolated from ticks in japan. J. Clin. Microbiol. 40, 2176-2181.

Fournier, P.-E., Grunnenberger, F., Jaulhac, B., Gastinger, G., Raoult, D., 2000. Evidence of
Rickettsia helvetica infection in humans, eastern France. Emerg. Infect. Dis. 6, 389-
392.

Fraenkel, C.J., Garpmo, U., Berglund, J., 2002. Determination of novel Borrelia genospecies
in Swedish Ixodes ricinus ticks. ]. Clin. Microbiol. 40, 3308-3312.

Franke, ]., Meier, F., Moldenhauer, A., Straube, E., Dorn, W., Hildebrandt, A., 2010.
Established and emerging pathogens in Ixodes ricinus ticks collected from birds on a
conservation island in the Baltic Sea. Med. Vet. Entomol. 24, 425-432.

Fraser, C.M,, Casjens, S., Huang, W.M,, Sutton, G.G., Clayton, R, Lathigra, R., White, O.,
Ketchum, K.A,, Dodson, R, Hickey, E.K., Gwinn, M., Dougherty, B., Tomb, ].F.,
Fleischmann, R.D., Richardson, D., Peterson, |., Kerlavage, A.R., Quackenbush, J.,
Salzberg, S., Hanson, M., van Vugt, R,, Palmer, N., Adams, M.D., Gocayne, ]., Weidman, J.,
Utterback, T., Watthey, L., McDonald, L., Artiach, P., Bowman, C., Garland, S., Fuji, C,,
Cotton, M.D., Horst, K., Roberts, K., Hatch, B., Smith, H.O., Venter, ].C., 1997. Genomic
sequence of a Lyme disease spirochaete, Borrelia burgdorferi. Nature 390, 580-586.

Fretwell, S.D., Calver, ].S., 1969. On territorial behavior and other factors influencing
habitat distribution in birds. Acta Biotheor. 19, 37-44.

Fritschmann, P.E., 2012. Variabilitat des Zeckenbefalls wildlebender Kleinsduger in Baden-
Wiirttemberg. Karlsruher Institut fiir Technologie (KIT).

Fuller, R, Gill, RM.A.,, 2001. Ecological impacts of increasing numbers of deer in British
woodland. Forestry 74, 193-199.

Funk, S.M., Verma, S.K,, Larson, G., Prasad, K, Singh, L., Narayan, G., Fa, ].E., 2007. The
pygmy hog is a unique genus: 19th century taxonomists got it right first time round.
Mol. Phylogenet. Evol. 45, 427-436.

Gall, Y., Pfister, K., 2006. Survey on the subject of equine Lyme borreliosis. Int. J. Med.
Microbiol. 296, 274-279.

Garcia-Gonzalez, A.M., Pérez-Martin, ].E., Gamito-Santos, J.A., Calero-Bernal, R,, Alcaide
Alonso, M., Frontera Carrién, E.M., 2013. Epidemiologic study of lung parasites
(Metastrongylus spp.) in wild boar (Sus scrofa) in southwestern Spain. ]J. Wildl. Dis.
49,157-162.

Garin, C.H., Bujadoux, C.H., 1922. Paralysie par les Tiques. ]. Med. Lyon 71, 765-767.

Genov, P., Ferrari, G., 1998. Effect of hunting on the use of space and habitat of wild boars.,
in: Report on Measures to Control Classical Swine Fever in European Wild Boar.
Commission of the European Community (Diseases/Parasites), Perugia, Italy, pp. 32-
36.

Gern, L., 2008. Borrelia burgdorferi sensu lato, the agent of lyme borreliosis: life in the
wilds. Parasite 15, 244-247.

Gern, L., Estrada-Peiia, A, Frandsen, F., Gray, ].S., Jaenson, T.G.T., Jongejan, F., Kahl, O.,
Korenberg, E., Mehl, R, Nuttall, P.A., 1998. European reservoir hosts of Borrelia
burgdorferi sensu lato. Zentralbl. Bakteriol. 287, 196-204.

Gern, L., Falco, R.C., 2000. Lyme disease. Rev. Sci. Tech. 19, 121-135.

220



References

Gern, L., Humair, P.-F., 2002. Ecology of Borrelia burgdorferi sensu lato in Europe, in: Gray,
J., Kahl, O., Lane, R.S,, Stanek, G. (Eds.), Lyme Borreliosis: Biology, Epidemiology and
Control. CABI Publishing, Wallingford, Oxfordshire, UK, pp. 149-174.

Gern, L., Moran Cadenas, F., Burri, C., 2008. Influence of some climatic factors on Ixodes
ricinus ticks studied along altitudinal gradients in two geographic regions in
Switzerland. Int. J. Med. Microbiol. 298, 55-59.

Gethoffer, F., 2005. Reproduktionsparameter und Saisonalitdt der Fortpflanzung des
Wildschweins (Sus scrofa) in drei Untersuchungsgebieten Deutschlands
(Dissertation). Tierarztliche Hochschule Hannover.

Gilbert, L., 2010. Altitudinal patterns of tick and host abundance: a potential role for
climate change in regulating tick-borne diseases? Oecologia 162, 217-225.

Gill, ].S., McLean, R.G., Neitzel, D.F., Johnson, R.C., 1993. Serologic analysis of white-tailed
deer sera for antibodies to Borrelia burgdorferi by enzyme-linked immunosorbent
assay and western immunoblotting. J. Clin. Microbiol. 31, 318-322.

Glaser, B., Gothe, R., 1998. Imported arthropod-borne parasites and parasitic arthropods
in dogs. Species spectrum and epidemiologic analysis of the cases diagnosed in
1995/96. Tierarztl. Prax. Ausg. K. Kleintiere. Heimtiere. 26, 40-46.

Goodman, ]J.L., Dennis, D.T., Sonenshine, D.E., 2005. Tick-borne diseases of humans. ASM
Press, Washington, DC.

Gortazar, C., Acevedo, P., Ruiz-Fons, F., Vicente, ]., 2006. Disease risks and overabundance
of game species. Eur. J. WildL Res.

Gotz, H., 1955. Die Acrodermatitis chronica actrophicans Herxheimer als
Infektionskrankheit. Ergdnzung zur 1ten Mitteilung. Hautarzt 6, 249-253.

Gray, ].S., 1991. The development and seasonal activity of the tick Ixodes ricinus: a vector of
Lyme borreliosis. Rev. Med. Vet. Entomol. 79, 323-333.

Gray, ].S., 2002. Biology of Ixodes species ticks in relation to tick-borne zoonoses. Wien.
Klin. Wochenschr. 114, 473-478.

Gray, ].S., Dautel, H., Estrada-Pefia, A., Kahl, O., Lindgren, E., 2009. Effects of climate change
on ticks and tick-borne diseases in europe. Interdiscip. Perspect. Infect. Dis. 2009,
593232.

Gray, ].S., Kirstein, F., Robertson, ].N., Stein, ], Kahl, 0., 1999. Borrelia Burgdorferi Sensu
Lato in Ixodes Ricinus Ticks and Rodents in a Recreational Park in South-Western
Ireland. Exp. Appl. Acarol. 23, 717-729.

Grenacher, S., Krober, T., Guerin, P.M,, Vlimant, M., 2001. Behavioural and chemoreceptor
cell responses of the tick, Ixodes ricinus, to its own faeces and faecal constituents. Exp.
Appl. Acarol. 25, 641-660.

Guglielmone, A.A., Robbins, R.G., Apanaskevich, D.A., Petney, T.N., Estrada-Peiia, A., Horak,

I.G., 2013. The Hard Ticks of the World - Acari: Ixodida: Ixodidae, 1st ed. Springer
Netherlands.

Guglielmone, A.A., Robbins, R.G., Apanaskevich, D.A., Petney, T.N., Estrada-Pefia, A., Horak,
I.G., Shao, R., Barker, S.C., 2010. The Argasidae, Ixodidae and Nuttalliellidae (Acari:
Ixodida) of the world: A list of valid species names. Zootaxa 2528, 1-28.

Hackstadt, T., 1996. The biology of rickettsiae. Infect. Agents Dis. 5, 127-143.

Halos, L., Bord, S., Cotté, V., Gasqui, P., Abrial, D., Barnouin, J., Boulouis, H.-]., Vayssier-
Taussat, M., Vourc’h, G., 2010. Ecological factors characterizing the prevalence of

bacterial tick-borne pathogens in Ixodes ricinus ticks in pastures and woodlands.
Appl. Environ. Microbiol. 76, 4413-4420.

221



References

Hamilton, W.D., Zuk, M., 1982. Heritable true fitness and bright birds: a role for parasites?
Science 218, 384-387.

Handeland, K., Qviller, L., Vikgren, T., Viljugrein, H., Lillehaug, A., Davidson, R.K,, 2013.
Ixodes ricinus infestation in free-ranging cervids in Norway - a study based upon ear
examinations of hunted animals. Vet. Parasitol. 195, 142-149.

Hanincova, K., Schifer, S.M,, Etti, S., Sewell, H.-S., Taragelova, V., Ziak, D., Labuda, M.,
Kurtenbach, K., 2003. Association of Borrelia afzelii with rodents in Europe.
Parasitology 126, 11-20.

Happ, N., 2012. Hege und Bejagung des Schwarzwildes. Franckh-Kosmos Verlag, Stuttgart.

Hartelt, K., Oehme, R,, Frank, H., Brockmann, S.0., Hassler, D., Kimmig, P., 2004. Pathogens
and symbionts in ticks: prevalence of Anaplasma phagocytophilum (Ehrlichia sp.),
Wolbachia sp., Rickettsia sp., and Babesia sp. in Southern Germany. Int. J. Med.
Microbiol. 293, 86-92.

Hartelt, K., Pluta, S., Oehme, R., Kimmig, P., 2008. Spread of ticks and tick-borne diseases in
Germany due to global warming. Parasitol. Res. 103, 109-116.

Harvell, C.D., Mitchell, C.E., Ward, J.R., Altizer, S., Dobson, A.P., Ostfeld, R.S., Samuel, M.D.,
2002. Climate warming and disease risks for terrestrial and marine biota. Science
296, 2158-2162.

Healy, ].A.E., Bourke, P., 2008. Aggregation in the tick Ixodes ricinus (Acari: Ixodidae): use
and reuse of questing vantage points. ]. Med. Entomol. 45, 222-228.

Heck, L., Raschke, G., 1980. Die Wildsauen : Naturgeschichte, Okologie, Hege und Jagd.
Parey, Hamburg.

Hellerstrom, S., 1930. Erythema chronicum migrans Afzelii. Acta Derm. Venereol. 11, 315-
321.

Hellerstrom, S., 1951. Erythema chronicum migrans Afzelius with meningitis. Acta Derm.
Venereol. 31, 227-234.

Hennig, R., 2007. Schwarzwild ; Biologie, Verhalten, Hege und Jagd, 7th ed. BLV-
Buchverlag, Miinchen.

Heptner, V.G, Nasimovi¢, A.A.,, Bannikov, A.G., 1966. Die Saugetiere der Sowjetunion:
Paarhufer und Unpaarhufer. VEB Gustav Fischer, Jena.

Herrmann, C,, 2012a. Standardarbeitsanweisung fiir DNA/RNA-Isolierung Maxwell™,
Geltungsbereich Molekularbiologie.

Herrmann, C.,, 2012b. Standardarbeitsanweisung fiir DNA/RNA-Isolierung EasyMAG™,
Geltungsbereich Molekularbiologie.

Hewison, A.J.M., Vincent, ].P., Joachim, J., Angibault, ].M., Cargnelutti, B., Cibien, C., 2001.
The effects of woodland fragmentation and human activity on roe deer distribution in
agricultural landscapes. Can. J. Zool. 79, 679-689.

Hillyard, P.D., 1996. Ticks of North-West Europe - Synopses ofthe British Fauna (New
Series). The Linnean Society of London and The Estuarine and Coastal Sciences
Association by Field Studies Council Publications, Montford Bridge, UK.

Hollstrém, E., 1951. Successful treatment of Erythema migrans Afzelius. Acta Derm.
Venereol. 31, 235-243.

Holmstad, P.R., Skorping, A., 1998. Covariation of parasite intensities in willow ptarmigan,
Lagopus lagopus L. Can. ]. Zool. 76, 1581-1588.

Holzapfel, B., Wickert, L., 2007. Die quantitative Real-Time-PCR (qRT-PCR). Methoden und
Anwendungsgebiete. Biol. unserer Zeit 37, 120-126.

222



References

Horak, I.G., 2009. A century of tick taxonomy in South Africa. Onderstepoort ]. Vet. Res. 76,
69-74.

Hornok, S., Meli, M.L,, Perreten, A., Farkas, R., Willj, B., Beugnet, F., Lutz, H., Hofmann-
Lehmann, R, 2010. Molecular investigation of hard ticks (Acari: Ixodidae) and fleas
(Siphoenaptra: Pulicidae) as potential vectors of rickettsial and mycoplasmal agents.
Vet. Microbiol. 140, 98-104.

Hovind-Hougen, K., 1984. Ultrastructure of spirochetes isolated from Ixodes ricinus and
Ixodes dammini. Yale J. Biol. Med. 57, 543-548.

Hubalek, Z., 2009. Epidemiology of Lyme Borreliosis, in: Itin, P., Lipsker, D., Jaulhac, B.
(Eds.), Current Problems in Dermatology. Karger Medical and Scientific Publishers,
Basel, pp. 31-50.

Hubalek, Z., Halouzka, ]., 1997. Distribution of Borrelia burgdorferi sensu lato genomic
groups in Europe, a review. Eur. ]. Epidemiol. 13, 951-957.

Hubalek, Z., Halouzka, ]., Juricova, Z., 2003. Host-seeking activity of ixodid ticks in relation
to weather variables. ]. Vector Ecol. 28, 159-165.

Hudson, P.J., Rizzoli, A.P., Ros3, R., Chemini, C., Jones, L.D., Gould, E.A., 2001. Tick-borne
encephalitis virus in northern Italy: molecular analysis, relationships with density
and seasonal dynamics of Ixodes ricinus. Med. Vet. Entomol. 15, 304-313.

Huegli, D., Hu, C.M., Humair, P.-F., Wilske, B., Gern, L., 2002. Apodemus species mice are
reservoir hosts of Borrelia garinii OspA serotype 4 in Switzerland. ]. Clin. Microbiol.
40,4735-4737.

Hughes, V.L., Randolph, S.E., 2001a. Testosterone increases the transmission potential of
tick-borne parasites. Parasitology 123, 365-371.

Hughes, V.L., Randolph, S.E., 2001b. Testosterone depresses innate and acquired
resistance to ticks in natural rodent hosts: a force for aggregated distributions of
parasites. J. Parasitol. 87, 49-54.

Humair, P.-F., Gern, L., 1998. Relationship between Borrelia burgdorferi sensu lato species,
red squirrels (Sciurus vulgaris) and Ixodes ricinus in enzootic areas in Switzerland.
Acta Trop. 69, 213-227.

Humair, P.-F,, Rais, O., Gern, L., 1999. Transmission of Borrelia afzelii from Apodemus mice
and Clethrionomys voles to Ixodes ricinus ticks: differential transmission pattern and
overwintering maintenance. Parasitology 118, 33-42.

Humbert, ].F., Henry, C., 1989. Studies on the prevalence and the transmission of lung and
stomach nematodes of the wild boar (Sus scrofa) in France. ]. Wildl. Dis. 25, 335-341.

Hurlbert, S.H., 1978. The measurement of niche overlap and some relatives. Ecology 59,
67-77.

Immler, R., Aeschlimann, A, Biittiker, W., Diehl, P.A., Eichenberger, G., Weiss, N., 1970.
Uber das Vorkommen von Dermacentor-Zecken (Ixodidae) in der Schweiz. Mitteilung
der Schweizer Entomol. Gesellschaft 43, 99-110.

Isogai, E., Isogai, H., Masuzawa, T., Yanagihara, Y., Sato, N., Hayashi, S., Maki, T., Mori, M.,
1991. Serological Survey for Lyme Disease in Sika Deer (Cervus nippon yesoensis) by
Enzyme-Linked Immunosorbent Assay (ELISA). Microbiol. Immunol. 35, 695-703.

Jaenson, T.G.T., Talleklint, L., 1992. Incompetence of roe deer as reservoirs of the Lyme
borreliosis spirochete. ]. Med. Entomol. 29, 813-817.

Jarvis, T., Kapel, C., Moks, E., Talvik, H., Magi, E., 2007. Helminths of wild boar in the

isolated population close to the northern border of its habitat area. Vet. Parasitol.
150, 366-369.

223



References

Jensen, P.M., 2000. Host seeking activity of Ixodes ricinus ticks based on daily consecutive
flagging samples. Exp. Appl. Acarol. 24, 695-708.

Jepsen, ].U., Topping, C.J., 2004. Modelling roe deer (</i>Capreolus capreolus</i>) in a
gradient of forest fragmentation: behavioural plasticity and choice of cover. Can. ].
Zool.

Jezierski, W., 1977. Longevity and mortality rate in a population of wild boar. Acta Theriol.
(Warsz). 22, 337-348.

Johnson, R.C., Schmid, G.P., Hyde, F.W., Steigerwalt, A.G., Brenner, D.]., 1984. Borrelia
burgdorferi sp. nov.: Etiologic Agent of Lyme Disease. Int. . Syst. Bacteriol. 34, 496-
497.

Jones, L.D., Nuttall, P.A., 1990. The effect of host resistance to tick infestation on the
transmission of Thogoto virus by ticks. ]. Gen. Virol. 71, 1039-1043.

Jongejan, F., Uilenberg, G., 2004. The global importance of ticks. Parasitology 129, S3-S14.

Juricovad, Z., Hubdlek, Z., 2009. Serologic survey of the wild boar (Sus scrofa) for Borrelia
burgdorferi sensu lato. Vector-Borne Zoonotic Dis. 9, 479-482.

Kadulski, S., 1974. Occurrence of Haematopinus apri Gour. (Anoplura) on wild boar Sus
scrofa L. in Poland. Acta Parasitol. Pol. 22, 219-228.

Kahl, 0., Janetzki-Mittmann, C., Gray, |.S., Jonas, R,, Stein, ]., de Boer, R., 1998. Risk of
infection with Borrelia burgdorferi sensu lato for a host in relation to the duration of
nymphal Ixodes ricinus feeding and the method of tick removal. Zentralbl. Bakteriol.
287,41-52.

Kampen, H., Rotzel, D.C., 2004. Substantial rise in the prevalence of Lyme borreliosis
spirochetes in a region of western Germany over a 10-year period. Appl. Environ.
Microbiol. 70, 1576-1582.

Kantsg, B., Svendsen, C.B., Jensen, P.M., Vennestrgm, J., Krogfelt, K.A., 2010. Seasonal and
habitat variation in the prevalence of Rickettsia helvetica in Ixodes ricinus ticks from
Denmark. Ticks Tick. Borne. Dis. 1, 101-103.

Karma, A., Seppal4, 1., Mikkil4, H., Kaakkola, S., Viljanen, M., Tarkkanen, A., 1995. Diagnosis
and clinical characteristics of ocular Lyme borreliosis. Am. ]. Epidemiol. 119, 127-
135.

Kauffmann, D.]., Wormser, G.P., 1990. Ocular Lyme disease: case report and review of the
literature. Br. J. Ophthalmol. 74, 325-327.

Keesing, F., Holt, R.D., Ostfeld, R.S., 2006. Effects of species diversity on disease risk. Ecol.
Lett. 9, 485-498.

Keller, A., Graefen, A., Ball, M., Matzas, M., Boisguerin, V., Maixner, F., Leidinger, P., Backes,
C., Khairat, R, Forster, M., Stade, B., Franke, A., Mayer, ], Spangler, J., McLaughlin, S,,
Shah, M,, Lee, C., Harkins, T.T., Sartori, A., Moreno-Estrada, A., Henn, B., Sikora, M.,
Semino, 0., Chiaroni, ., Rootsi, S., Myres, N.M., Cabrera, V.M., Underhill, P.A.,
Bustamante, C.D., Vigl, E.E., Samadelli, M., Cipollini, G., Haas, ], Katus, H., O’Connor,
B.D., Carlson, M.R.J., Meder, B., Blin, N., Meese, E., Pusch, C.M,, Zink, A., 2012. New
insights into the Tyrolean Iceman’s origin and phenotype as inferred by whole-
genome sequencing. Nat. Commun. 3, 698.

Keuling, O., 2010a. Habitatnutzung von Schwarzwild, in: Proc. Schwarzwildseminar in Der
Schwibischen Bauernschule Bad Waldsee. Landwirtschaftliches Zentrum fiir
Rinderhaltung, Griinlandwirtschaft, Milchwirtschaft, Wild und Fischerei Baden-
Wiirttemberg (LAZBW), pp. 31-37.

224



References

Keuling, 0., 2010b. Managing wild boar - Considerations for wild boar management based
on game biology data (Doctoral thesis). Dresden University of Technology.

Keuling, 0., 2013. Schwarzwild : Bejagungsstrategien und Schadvermeidung, in: Proc. 19te
Osterreichische Jagertagung. Lehr- und Forschungszentrum fiir Landwirtschaft
Raumberg-Gumpenstein, pp. 11-14.

Keuling, O., Baubet, E., Duscher, A., 2013. Mortality rates of wild boar Sus scrofa L. in
central Europe. Eur. J. Wildl. Res. 59, 805-814.

Keuling, O., Lauterbach, K, Stier, N., Roth, M., 2010. Hunter feedback of individually
marked wild boar Sus scrofa L.: Dispersal and efficiency of hunting in northeastern
Germany. Eur. J. Wildl Res. 56, 159-167.

Keuling, O., Stier, N., 2009a. Untersuchungen zu Raum- und Habitatnutzung des
Schwarzwildes (Sus scrofa L. 1758) in Siidwest- Mecklenburg unter besonderer
Berticksichtigung des Bejagungseinflusses und der Rolle dlterer Stiicke in den Rotten.
Oberste Jagdbehorde im Ministerium fiir Landwirtschaft, Umwelt und
Verbraucherschutz Mecklenburg-Vorpommern und Stiftung “Wald und Wild in
Mecklenburg-Vorpommern”. Professur fiir Forstzoologie der TU Dresden, Tharandt.,
Dresden.

Keuling, O., Stier, N., 2009b. Bewegungsmuster von Schwarzwild im Herbst - Wie stark
gefahrdet ist der Mais? Kurzbericht neuerer Auswertungen als Ergdnzung zum
Abschlussbericht 2002-2006 Oberste Jagdbehorde im Ministerium fiir
Landwirtschaft, Umwelt und Verbraucherschutz Mecklenburg-Vor. Professur fiir
Forstzoologie der TU Dresden, Tharandt, Dresden.

Keuling, O., Stier, N., Roth, M., 2008a. Annual and seasonal space use of different age
classes of female wild boar Sus scrofa L. Eur. ]. Wildl. Res. 54, 403-412.

Keuling, O., Stier, N., Roth, M., 2008b. How does hunting influence activity and spatial
usage in wild boar Sus scrofa L.? Eur. ]. Wildl. Res. 54, 729-737.

Keuling, O., Stier, N., Roth, M., 2009. Commuting, shifting or remaining? Mamm. Biol. -
Zeitschrift fiir Sdugetierkd. 74, 145-152.

Kiffner, C.,, Lodige, C., Alings, M., Vor, T., Riihe, F., 2010a. Abundance estimation of Ixodes
ticks (Acari: Ixodidae) on roe deer (Capreolus capreolus). Exp. Appl. Acarol. 52, 73-
84.

Kiffner, C., Lodige, C., Alings, M., Vor, T., Riihe, F., 2011a. Attachment site selection of ticks
on roe deer, Capreolus capreolus. Exp. Appl. Acarol. 53, 79-94.

Kiffner, C., Lodige, C., Alings, M., Vor, T., Riihe, F., 2011b. Body-mass or sex-biased tick
parasitism in roe deer (Capreolus capreolus)? A GAMLSS approach. Med. Vet.
Entomol. 25, 39-45.

Kiffner, C, Vor, T., Hagedorn, P., Niedrig, M., Riihe, F., 2011c. Factors affecting patterns of
tick parasitism on forest rodents in tick-borne encephalitis risk areas, Germany.
Parasitol. Res. 108, 323-335.

Kiffner, C., Zucchini, W., Schomaker, P., Vor, T., Hagedorn, P., Niedrig, M., Riihe, F., 2010b.
Determinants of tick-borne encephalitis in counties of southern Germany, 2001-
2008. Int. J. Health Geogr. 9, 42.

Kimmig, P., Pluta, S., Naucke, T., 2010. Infektionsgefahr aus dem Siiden. Globale
Erwarmung. Biol. unserer Zeit 40, 21-28.

Kimura, K., Isogai, E., Isogai, H., Kamewaka, Y., Nishikawa, T., Ishii, N., Fujii, N., 1995.
Detection of Lyme disease spirochetes in the skin of naturally infected wild sika deer
(Cervus nippon yesoensis) by PCR. Appl. Environ. Microbiol. 61, 1641-1642.

225



References

Kirstein, F., Rijpkema, S.G.T., Molkenboer, M.].C.H., Gray, ].S., 1997. Local variations in the
distribution and prevalence of Borrelia burgdorferi sensu lato genomospecies in
Ixodes ricinus ticks. Appl. Environ. Microbiol. 63, 1102-1106.

Kitron, U., Jones, C.J., Bouseman, J.K,, Nelson, ].A., Baumgartner, D.L., 1992. Spatial analysis
of the distribution of Ixodes dammini (Acari: Ixodidae) on white-tailed deer in Ogle
County, Illinois. ]. Med. Entomol. 29, 259-266.

Kjelland, V., Ytrehus, B., Stuen, S., Skarpaas, T., Slettan, A., 2011. Prevalence of Borrelia
burgdorferi in Ixodes ricinus ticks collected from moose (Alces alces) and roe deer
(Capreolus capreolus) in southern Norway. Ticks Tick. Borne. Dis. 2, 99-103.

Krasnov, B., Khokhlova, I., Shenbrot, G., 2002. The effect of host density on ectoparasite
distribution: an example of a rodent parasitized by fleas. Ecology 83, 164-175.

Krause, A., Fingerle, V., 2009. Lyme borreliosis. Z. Rheumatol. 68, 239-254.

Krieg, N.R,, Parte, A,, Ludwig, W., Whitman, W.B., Hedlund, B.P., Paster, B, Staley, ].T.,
Ward, N., Brown, D., 2011. Bergey’s Manual of Systematic Bacteriology: Volume 4:
The Bacteroidetes, Spirochaetes, Tenericutes (Mollicutes), Acidobacteria,
Fibrobacteres, Fusobacteria, Dictyoglomi, Gemmatimonadetes, Lentisphaerae,
Verrucomicrobia, Chlamydiae, and Planctomycetes, Bergey’s Manual of Systematic
Bacteriology. Springer, New York.

Krupka, 1., Straubinger, R.K.,, 2010. Lyme Borreliosis in Dogs and Cats: Background,
Diagnosis, Treatment and Prevention of Infections with Borrelia burgdorferi sensu
stricto. Vet. Clin. North Am. Small Anim. Pract. 40, 1103-1119.

Kuehn, R, Hindenlang, K.E., Holzgang, O., Senn, ]., Stoeckle, B., Sperisen, C., 2007. Genetic
effect of transportation infrastructure on roe deer populations (Capreolus capreolus).
J. Hered. 98, 13-22.

Kuiters, A.T., Slim, P.A., 2002. Regeneration of mixed deciduous forest in a Dutch forest-
heathland, following a reduction of ungulate densities. Biol. Conserv. 105, 65-74.

Kurtenbach, K., De Michelis, S., Etti, S., Schifer, S.M., Sewell, H.-S., Brade, V., Kraiczy, P.,
2002. Host association of Borrelia burgdorferi sensu lato - the key role of host
complement. Trends Microbiol. 10, 74-79.

Kurtenbach, K., Hanincov4, K., Tsao, ].I., Margos, G., Fish, D., Ogden, N.H., 2006.
Fundamental processes in the evolutionary ecology of Lyme borreliosis. Nat. Rev.
Microbiol. 4, 660-669.

Kurtenbach, K., Kampen, H., Dizij, A., Arndt, S., Seitz, H.M., Schaible, U.E., Simon, M.M., 1995.
Infestation of rodents with larval Ixodes ricinus (Acari: Ixodidae) is an important
factor in the transmission cycle of Borrelia burgdorferi s.l. in German woodlands. J.
Med. Entomol. 32, 807-817.

Kurtenbach, K., Peacey, M.F., Rijpkema, S.G.T., Hoodless, A.N., Nuttall, P.A,, Randolph, S.E.,
1998a. Differential transmission of the genospecies of Borrelia burgdorferi sensu lato
by game birds and small rodents in England. Appl. Environ. Microbiol. 64, 1169-
1174.

Kurtenbach, K., Sewell, H.-S.,, Ogden, N.H., Randolph, S.E., Nuttall, P.A., 1998b. Serum
Complement Sensitivity as a Key Factor in Lyme Disease Ecology. Infect. Immun. 66,
1248-1251.

Kusak, ]., Spi¢i¢, S., Slijepéevié¢, V., Bosnié, S., Janje, R.R,, Duvnjak, S., Sindi¢i¢, M., Majnaric,
D., Cvetni¢, Z., Huber, P., 2012. Health status of red deer and roe deer in Gorski kotar,
Croatia. Vet. Arh. 82, 59-73.

226



References

Kusza, S., Podgérski, T., Scandura, M., Borowik, T., Javor, A., Sidorovich, V.E., Bunevich, A.N.,
Kolesnikov, M., Jedrzejewska, B., 2014. Contemporary genetic structure,
phylogeography and past demographic processes of wild boar Sus scrofa population
in Central and Eastern Europe. PLoS One 9, 1-11.

La Scola, B., Raoult, D., 1997. Laboratory diagnosis of Rickettsioses: Current approaches to
diagnosis of old and new Rickettsial diseases. ]. Clin. Microbiol. 35, 2715-2727.

Lacombe, E.H., Rand, P.W., Smith, R.P., 1993. Disparity of Borrelia burgdorferi infection
rates of adult Ixodes dammini on deer and vegetation. ]. Infect. Dis. 167, 1236-1238.

Léger, E., Vourc’h, G., Vial, L., Chevillon, C., McCoy, K.D., 2013. Changing distributions of
ticks: causes and consequences. Exp. Appl. Acarol. 59, 219-244.

Lengauer, H., 2004. Untersuchungen zum Zeckenbefall und zur Pravalenz von Borrelia
burgdorferi sowie Babesia divergens beim Rind im bayerischen Voralpenland
(Dissertation). Ludwig-Maximilians-Universitdt Minchen.

Levin, M.L,, Killmaster, L.F., Zemtsova, G.E., 2011. Domestic Dogs (Canis familiaris) as
Reservoir Hosts for Rickettsia conorii. Vector-Borne Zoonotic Dis. 12, 28-33.

Levins, R,, 1968. Evolution in changing environments: some theoretical explorations.
Princeton University Press, New Jersey.

Li, C.,, Motaleb, A., Sal, M., Goldstein, S.F., Charon, NW., 2000. Spirochete periplasmic
flagella and motility. ]. Mol. Microbiol. Biotechnol. 2, 345-354.

Li, H.,, Walker, D.H., 1998. rOmpA is a critical protein for the adhesion of Rickettsia
rickettsiito host cells. Microb. Pathog. 24, 289-298.

Liebisch, A., Rahman, M.S., 1976. Zum Vorkommen und zur Okologie einiger human-und
veterindrmedizinisch wichtiger Zeckenarten (Ixodidae) in Deutschland. Zeitschrift
fiir Angew. Entomol. 82, 29-37.

Lindgren, E., Jaenson, T.G.T., 2006. Lyme borreliosis in Europe: influences of climate and
climate change, epidemiology, ecology and adaptation measures. WHO Regional
Office for Europe, Copenhagen.

Lindgren, E., Talleklint, L., Polfeldt, T., 2000. Impact of climatic change on the northern
latitude limit and population density of the disease-transmitting European tick Ixodes
ricinus. Environ. Health Perspect. 108, 119-123.

Linnell, ].D.C., Aanes, R,, Andersen, R., 1995. Who killed Bambi? The role of predation in the
neonatal mortality of temperate ungulates. Wildlife Biol. 1, 209-223.

Linnell, ].D.C,, Andersen, R., 1995. Site Tenacity in Roe Deer: Short-Term Effects of Logging.
Wildl. Soc. Bull. 23, 31-35.

Lipsker, D., Jaulhac, B., 2009. Lyme Borreliosis: biological and clinical aspects (Current
Problems in Dermatology). Karger, Basel.

LoGiudice, K., Ostfeld, R.S., Schmidt, K.A., Keesing, F., 2003. The ecology of infectious
disease: effects of host diversity and community composition on Lyme disease risk.
Proc. Natl. Acad. Sci. 100, 567-571.

Lutz, W., Kierdorf, H., 1997. Parasitenbelastung von Rehwild (Capreolus capreolus L.) aus
benachbarten Revieren mit unterschiedlich starkem Erholungsverkehr. Z. Jagdwiss.

Maabhs, C., 2010. Untersuchung zur mikrobiologischen Qualitdt von Rehwild unter
verschiedenen Kiihlbedingungen (Dissertation). Tierdrztliche Hochschule Hannover
Untersuchung.

Macdonald, D.W., Barrett, P., 2002. Mammals of Europe. Princeton University Press.

227



References

MacLeod, J., 1935. Ixodes ricinus in Relation to its Physical Environment. Parasitology 27,
123-144.

Magnarellj, L.A., Anderson, J.F,, Fish, D., 1987. Transovarial transmission of Borrelia
burgdorferi in Ixodes dammini (Acari:Ixodidae). ]. Infect. Dis. 156, 234-236.

Maiwald, M., Petney, T.N., Briickner, M., Kramer, C., R6hler, B., Beichel, E., Hassler, D., 1995.
Untersuchungen zur natiirlichen Epidemiologie der Lyme-Borreliose anldsslich des
gehduften Auftretens von Erkrankungen in einem Vorort einer nordbadischen
Gemeinde. Das Gesundheitswes. 57, 419-425.

Mans, B.J., de Klerk, D., Pienaar, R,, Latif, A.A., 2011. Nuttalliella namaqua: a living fossil and
closest relative to the ancestral tick lineage: implications for the evolution of blood-
feeding in ticks. PLoS One 6, e23675.

Maraspin, V., Ruzi¢-Sablji¢, E., Strle, F., 2006. Lyme Borreliosis and Borrelia spielmanii.
Emerg. Infect. Dis. 12, 1177.

Margos, G., Hojgaard, A., Lane, R.S., Cornet, M,, Fingerle, V., Rudenko, N., Ogden, N.H,,
Aanensen, D.M,, Fish, D., Piesman, J., 2010. Multilocus sequence analysis of Borrelia
bissettii strains from North America reveals a new Borrelia species, Borrelia
kurtenbachii. Ticks Tick. Borne. Dis. 1, 151-158.

Margos, G., Vollmer, S. a., Cornet, M., Garnier, M., Fingerle, V., Wilske, B.,, Bormane, A,
Vitorino, L., Collares-Pereira, M., Drancourt, M., Kurtenbach, K., 2009. A new Borrelia
species defined by multilocus sequence analysis of housekeeping genes. Appl.
Environ. Microbiol. 75, 5410-5416.

Margos, G., Vollmer, S.A., Ogden, N.H,, Fish, D., 2011. Population genetics, taxonomy,
phylogeny and evolution of Borrelia burgdorferi sensu lato. Infect. Genet. Evol. 11,
1545-1563.

Marques, A.R., 2010. Lyme disease: A review. Curr. Allergy Asthma Rep. 10, 13-20.

Mast, W.E., Burrows, W.M., 1976. Erythema chronicum migrans in the United States. ]. Am.
Med. Assoc. 236, 859-860.

Matthee, S., Meltzer, D.G., Horak, L.G., 1997. Sites of attachment and density assessment of
ixodid ticks (Acari:Ixodidae) on impala (Aepyceros melampus). Exp. Appl. Acarol. 21,
179-192.

Matuschka, F.-R,, Heiler, M,, Eiffert, H., Fischer, P., Lotter, H., Spielman, A., 1993.
Diversionary role of hoofed game in the transmission of Lyme disease spirochetes.
Am. . Trop. Med. Hyg. 48, 693-699.

Maublanc, M.L,, Bideau, E., Picot, D., Rame, ].L., Dubois, M., Ferté, H., Gerard, ].F., 2009.
Demographic crash associated with high parasite load in an experimental roe deer
(Capreolus capreolus) population. Eur. ]. Wildl. Res. 55, 621-625.

Mauget, C., Mauget, R., Sempéré, A.]., 1997. Metabolic rate in female European roe deer
(Capreolus capreolus): incidence of reproduction. Can. J. Zool. 75, 731-739.

Maxey, E.E., 1899. Some observations on the so-called spotted fever of Idaho. Med. Sentin.
10, 433-438.

McCoy, K.D., Boulinier, T., Chardine, ].W., Danchin, E., Michalakis, Y., 1999. Dispersal and
distribution of the tick Ixodes uriae within and among seabird host populations: the
need for a population genetic approach. ]. Parasitol. 85, 196-202.

McCurdy, D.G., Shutler, D., Mullie, A., Forbes, M.R., 1998. Sex-Biased Parasitism of Avian
Hosts: Relations to Blood Parasite Taxon and Mating System. Oikos 82, 303-312.

228



References

McTier, T.L., George, ].E., Bennett, S.N., 1981. Resistance and cross-resistance of guinea
pigs to Dermacentor andersoni Stiles, D. variabilis (Say), Amblyomma americanum
(Linnaeus), and Ixodes scapularis Say. ]. Parasitol. 67, 813-822.

Mejlon, H.A., Jaenson, T.G.T., 1997. Questing behaviour of Ixodes ricinus ticks (Acari:
Ixodidae). Exp. Appl. Acarol. 21, 747-754.

Menzano, A., Rambozzi, L., Molinar Min, A.R., Meneguz, P.G., Rossi, L., 2008. Description
and epidemiological implications of S. scabiei infection in roe deer (Capreolus
capreolus) originating from chamois (Rupicapra rupicapra). Eur. J. Wildl. Res. 54,
757-761.

Meulman, J.J., Van der Kooij, A.]., Heiser, W.]., 2004. Principal components analysis with
nonlinear optimal scaling transformations for ordinal and nominal data, in: The SAGE
Handbook of Quantitative Methodology for the Social Sciences. pp. 49-70.

Meyer-Konig, A., Zahler, M., Gothe, R., 2001. Studies on survival and water balance of unfed
adult Dermacentor marginatus and D. reticulatus ticks (Acari: Ixodidae). Exp. Appl.
Acarol. 25,993-1004.

Meynhardt, H., 1989. Biologie und Verhalten, Schwarzwild-Bibliothek; Band 1. Neumann-
Neudamm, Melsungen.

Michalik, ., Stanczak, J., Cieniuch, S., Racewicz, M., Sikora, B., Dabert, M., 2012. Wild boars

as hosts of human-pathogenic Anaplasma phagocytophilum variants. Emerg. Infect.
Dis. 18,998-1001.

Milhano, N., de Carvalho, I.L., Alves, A.S., Arroube, S., Soares, ], Rodriguez, P., Carolino, M.,
Nuncio, M.S., Piesman, ., de Sousa, R., 2010. Coinfections of Rickettsia slovaca and
Rickettsia helvetica with Borrelia lusitaniae in ticks collected in a Safari Park,
Portugal. Ticks Tick. Borne. Dis. 1, 172-177.

Miller, H.C., Conrad, A.M,, Barker, S.C., Daugherty, C.H., 2007. Distribution and phylogenetic
analyses of an endangered tick, Amblyomma sphenodonti. New Zeal. ]. Zool. 34, 97-
105.

Minar, J., 1982. A contribution to the knowledge of distribution and ecology of botflies

(Oestridae) and warble flies (Hypodermatidae) in the cervids. Folia Fac. Sci. Nat.
Univ. Purkynianae Brun. Biol. 23, 87-92.

Mitrea, I.L., Minculescu, F., Buzatu, M.C., 2008. Comparative morphological study on two
tick species (Ixodes ricinus and Dermacentor marginatus) from Romania by light and
scanning electron microscopy. Vet. Med. 65, 75-79.

Moore, S.L., Wilson, K., 2002. Parasites as a viability cost of sexual selection in natural
populations of mammals. Science 297, 2015-2018.

Morelle, K., Podgorski, T., Prévot, C., Keuling, O., Lehaire, F., Lejeune, P., 2014. Towards
understanding wild boar Sus scrofa movement: a synthetic movement ecology
approach. Mamm. Rev. 45, 15-29.

Morellet, N., Bonenfant, C., Bérger, L., Ossi, F., Cagnacci, F., Heurich, M., Kjellander, P.,
Linnell, J.D.C,, Nicoloso, S., Sustr, P., Urbano, F., Mysterud, A., 2013. Seasonality,
weather and climate affect home range size in roe deer across a wide latitudinal
gradient within Europe. J. Appl. Ecol. 82, 1326-1339.

Moser, E., 2012. Untersuchungen zu den Auswirkungen von Zecken auf Schafe am
Bienwald (Rheinland-Pfalz) (Diplomarbeit). Karlsruher Institut fiir Technologie.

Movila, A, Reye, A.L., Dubinina, H. V., Tolstenkov, 0.0., Toderas, L., Hiibschen, ].M., Muller,
C.P., Alekseev, A.N., 2011. Detection of Babesia Sp. EU1 and members of spotted fever

229



References

group rickettsiae in ticks collected from migratory birds at Curonian Spit, North-
Western Russia. Vector-Borne Zoonotic Dis. 11, 89-91.

Munderloh, U.G., Kurtti, T.]., 1995. Cellular and Molecular Interrelationships Between Ticks
and Prokaryotic Tick-Borne Pathogens. Annu. Rev. Entomol. 40, 221-243.

Mysterud, A., 1999. Seasonal migration pattern and home range of roe deer (Capreolus
capreolus) in an altitudinal gradient in southern Norway. ]. Zool. 247, 479-486.

Mysterud, A., Hatlegjerde, 1., Sgrensen, 0., 2014. Attachment site selection of life stages of
Ixodes ricinus ticks on a main large host in Europe, the red deer (Cervus elaphus).
Parasit. Vectors 7, 510-515.

Mysterud, A., @stbye, E., 2006a. Comparing simple methods for ageing roe deer Capreolus
capreolus: are any of them useful for management? Wildlife Biol. 12, 101-107.

Mysterud, A., @stbye, E., 2006b. Effect of climate and density on individual and population

growth of roe deer Capreolus capreolus at northern latitudes: the Lier valley, Norway.
Wildlife Biol. 12, 321-329.

Nabian, S., Rahbari, S., Shayan, P., Haddadzadeh, H.R., 2008. Identification of tick species of
Dermacentor in some localities of Iran. ]. Vet. Res. 63, 123-126.

Nava, S., Guglielmone, A.A., Mangold, A.]., 2009. An overview of systematics and evolution
of ticks. Front. Biosci. (Landmark Ed.) 14, 2857-2877.

Navarro-Gonzalez, N., Verheyden, H., Hoste, H., Cargnelutti, B.,, Lourtet, B., Merlet, ].,
Daufresne, T., Lavin, S., Hewison, A.J.M., Morand, S., Serrano, E., 2010. Diet quality and
immunocompetence influence parasite load of roe deer in a fragmented landscape.
Eur. J. Wildl. Res. 57, 639-645.

Nelson, D.R,, Rooney, S., Miller, N.J.,, Mather, T.N., 2000. Complement-mediated killing of
Borrelia burgdorferi by nonimmune sera from sika deer. J. Parasitol. 86, 1232-1238.

Nelson, M.E., Mech, L.D., Frame, P.F., 2004. Tracking of white-tailed deer migration by
Global Positioning System. J. Mammal. 85, 505-510.

Neumaier, L., 2012. Die Populationsstruktur von Zecken in verschiedenen Habitaten in
Rheinland-Pfalz (Diplomarbeit). Karlsruhe Institute of Technology.

Nilssen, A.C., Isomursu, M., Oksanen, A., 2008. The moose throat bot fly Cephenemyia
ulrichii larvae (Diptera: Oestridae) found developing in roe deer (Capreolus
capreolus) for the first time. Acta Vet. Scand. 50, 14.

Nilsson, K., 2009. Septicaemia with Rickettsia helvetica in a patient with acute febrile
illness, rash and myasthenia. J. Infect. 58, 79-82.

Nilsson, K., Elfving, K., Pahlson, C., 2010. Rickettsia helvetica in patient with meningitis,
Sweden, 2006. Emerg. Infect. Dis. 16, 490-492.

Nilsson, K,, Lindquist, O., Liu, A.]., Jaenson, T.G.T., Friman, G., Pahlson, C., 1999. Rickettsia
helvetica in Ixodes ricinus ticks in Sweden. ]. Clin. Microbiol. 37, 400-403.
Nilsson, K., Pahlson, C., Lukinius, A., Eriksson, L., Nilsson, L., Lindquist, 0., 2002. Presence

of Rickettsia helvetica in granulomatous tissue from patients with sarcoidosis. J.
Infect. Dis. 185, 1128-1138.

Nockler, K., Reckinger, S., Pozio, E., 2006. Trichinella spiralis and Trichinella
pseudospiralis mixed infection in a wild boar (Sus scrofa) of Germany. Vet. Parasitol.
137, 364-368.

Nosek, ]., Lichard, M., Sztankay, M., 1967. The ecology of ticks in the Tribec and Hronsky
Inovec Mountains. Bull. World Health Organ. 36, 49-59.

230



References

Oehme, R, Hartelt, K., Backe, H., 2002. Foci of tick-borne diseases in southwest Germany.
Int. ]. Med. Microbiol. 291, 22-19.

Ogden, N.H,, Hailes, R.S., Nuttall, P.A., 1998. Interstadial variation in the attachment sites of
Ixodes ricinus ticks on sheep. Exp. Appl. Acarol. 22, 227-232.

Ogden, N.H,, Lindsay, L.R., Hanincovj, K., Barker, L.K,, Bigras-Poulin, M., Charron, D.F.,,
Heagy, A., Francis, C.M., 0’Callaghan, C.]., Schwartz, 1., Thompson, R.A., 2008. Role of
migratory birds in introduction and range expansion of Ixodes scapularis ticks and of
Borrelia burgdorferi and Anaplasma phagocytophilum in Canada. Appl. Environ.
Microbiol. 74, 1780-1790.

Ohnishi, ], Piesman, ]., de Silva, a M., 2001. Antigenic and genetic heterogeneity of Borrelia
burgdorferi populations transmitted by ticks. Proc. Natl. Acad. Sci. 98, 670-675.

Ohtaishi, N., Gao, Y., 1990. A review of the distribution of all species of deer (Tragulidae,
Moschidae and Cervidae) in China. Mamm. Rev. 20, 125-144.

Oleaga, A., Balseiro, A., Gortazar, C., 2008a. Sarcoptic mange in two roe deer (Capreolus
capreolus) from northern Spain. Eur. J. Wildl. Res. 54, 134-137.

Oleaga, A, Casais, R., Gonzalez-Quirds, P., Prieto, M., Gortazar, C., 2008b. Sarcoptic mange
in red deer from Spain: Improved surveillance or disease emergence? Vet. Parasitol.
154,103-113.

Oliver, ].H., 1989. Biology and systematics of ticks (Acari: Ixodida). Annu. Rev. Ecol. Syst.
20, 397-430.

Olsen, L, Paster, B.J., Dewhirst, F.E., 2000. Taxonomy of spirochetes. Anaerobe 6, 39-57.

Onac, D., Gydrke, a., Oltean, M., Gavrea, R., Cozma, V., 2013. First detection of Echinococcus
granulosus G1 and G7 in wild boars (Sus scrofa) and red deer (Cervus elaphus) in
Romania using PCR and PCR-RFLP techniques. Vet. Parasitol. 193, 289-291.

Ormsbee, R., Peacock, M., Philip, R.N,, Casper, E., Plorde, ]J., Gabre-Kidan, T., Wright, L.,

1978. Antigenic relationships between the typhus and spotted fever groups of
rickettsiae. Am. J. Epidemiol. 108, 53-59.

Ornstein, K., Berglund, ]., Nilsson, 1., Norrby, R., Bergstrom, S., 2001. Characterization of
Lyme borreliosis isolates from patients with erythema migrans and neuroborreliosis
in Southern Sweden. J. Clin. Microbiol. 39, 1294-1298.

Ortufio, A., Quesada, M., Lopez-Claessens, S., Castell3, ]., Sanfeliy, 1., Anton, E., Segura-Porta,
F., 2007. The role of wild boar (Sus scrofa) in the eco-epidemiology of R. slovaca in
Northeastern Spain. Vector-Borne Zoonotic Dis. 7, 59-64.

Ostfeld, R.S., Canham, C.D., Oggenfuss, K., Winchcombe, R.]., Keesing, F., 2006. Climate,
deer, rodents, and acorns as determinants of variation in lyme-disease risk. PLoS Biol.
4, e145.

Ostfeld, R.S., Keesing, F., 2000. Biodiversity and Disease Risk: the Case of Lyme Disease.
Conserv. Biol. 14, 722-728.

Oteo, ].A., Portillo, A., Santibafiez, S., Blanco, J.R., Pérez-Martinez, L., Ibarra, V., 2006. Cluster
of cases of human Rickettsia felis infection from Southern Europe (Spain) diagnosed
by PCR.]. Clin. Microbiol. 44, 2669-2671.

Overzier, E., 2013. Habitatabhangige Pravalenzunterschiede zeckeniibertragener Erreger
in Ixodes ricinus und das Reservoirpotential von Rehwild (Dissertation). Ludwig-
Maximilians-Universitat Miinchen.

Overzier, E., Pfister, K., Herb, 1., Mahling, M., Bock, G., Silaghi, C., 2013. Detection of tick-
borne pathogens in roe deer (Capreolus capreolus), in questing ticks (Ixodes ricinus),

231



References

and in ticks infesting roe deer in southern Germany. Ticks Tick. Borne. Dis. 4, 320-
328.

Pacheco, R.C., Moraes-Filho, ]., Marcili, A., Richtzenhain, L.]J., Szabé, M.P.]., Catroxo, M.H.B.,
Bouyer, D.H., Labruna, M.B., 2011. Rickettsia monteiroi sp. nov., infecting the tick
Amblyomma incisum in Brazil. Appl. Environ. Microbiol. 77, 5207-5211.

Pacilly, F.C.A., Benning, M.E,, Jacobs, F., Leidekker, ]., Sprong, H., Van Wieren, S.E., Takken,
W., 2014. Blood feeding on large grazers affects the transmission of Borrelia
burgdorferi sensu lato by Ixodes ricinus. Ticks Tick. Borne. Dis. 5, 810-817.

Paddock, C.D., Greer, P.W,, Ferebee, T.L., Singleton, J., McKechnie, D.B., Treadwell, T. a,
Krebs, ].W.,, Clarke, M.]., Holman, R.C., Olson, ].G., Childs, ].E., Zaki, S.R., 1999. Hidden
mortality attributable to Rocky Mountain spotted fever: immunohistochemical
detection of fatal, serologically unconfirmed disease. J. Infect. Dis. 179, 1469-1476.

Palecek, T., Kuchynka, P., Hulinska, D., Schramlova, ]., Hrbackova, H., Vitkova, I., Simek, S.,
Horak, ]., Louch, W.E,, Linhart, A., 2010. Presence of Borrelia burgdorferi in
endomyocardial biopsies in patients with new-onset unexplained dilated
cardiomyopathy. Med. Microbiol. Immunol. 199, 139-143.

Parola, P., Paddock, C.D., Raoult, D., 2005. Tick-borne rickettsioses around the world:
Emerging diseases challenging old concepts. Clin. Microbiol. Rev. 18, 719-756.
Parola, P., Paddock, C.D., Socolovschi, C., Labruna, M.B., Mediannikov, O., Kernif, T., Abdad,
M.Y., Stenos, ., Bitam, L., Fournier, P.-E., Raoult, D., 2013. Update on tick-borne
rickettsioses around the world: A geographic approach. Clin. Microbiol. Rev. 26, 657-

702.

Parola, P., Raoult, D., 2001. Ticks and tickborne bacterial diseases in humans: An emerging
infectious threat. Clin. Infect. Dis. 32, 897-928.

Peig, ]., Green, A.]., 2009. New perspectives for estimating body condition from
mass/length data: the scaled mass index as an alternative method. Oikos 118, 1883-
1891.

Peig, ]., Green, A.]., 2010. The paradigm of body condition: a critical reappraisal of current
methods based on mass and length. Funct. Ecol. 24, 1323-1332.

Pence, D.B.,, Ueckermann, E., 2002. Sarcoptic mange in wildlife. Rev. Sci. Tech. 21, 385-398.
Pérez-Osorio, C.E., Zavala-Velazquez, J.E., Ledn, ].J.A., Zavala-Castro, ].E., 2008. Rickettsia
felis as emergent global threat for humans. Emerg. Infect. Dis. 14, 1019-1023.

Perkins, S.E., Cattadori, .M., Tagliapietra, V., Rizzoli, A.P., Hudson, P.]., 2003. Empirical
evidence for key hosts in persistence of a tick-borne disease. Int. ]. Parasitol. 33, 909-
917.

Perkins, S.E., Cattadori, [.M,, Tagliapietra, V., Rizzoli, A.P., Hudson, P.]., 2006. Localized deer
absence leads to tick amplification. Ecology 87, 1981-1986.

Perlman, S.J., Hunter, M.S., Zchori-Fein, E., 2006. The emerging diversity of Rickettsia. Proc.
Biol. Sci. 273, 2097-106.

Perret, J.-L., Guerin, P.M,, Diehl, P.A,, Vlimant, M., Gern, L., 2003. Darkness induces mobility,
and saturation deficit limits questing duration, in the tick Ixodes ricinus. J. Exp. Biol.
206, 1809-1815.

Perret, ].-L., Guigoz, E., Rais, 0., Gern, L., 2000. Infuence of saturation deficit and
temperature on Ixodes ricinus tick questing activity in a Lyme borreliosis-endemic
area (Switzerland). Parasitol. Res. 86, 554-557.

Perret, ].-L., Rais, 0., Gern, L., 2004. Influence of climate on the proportion of Ixodes ricinus
nymphs and adults questing in a tick population. ]. Med. Entomol. 41, 361-365.

232



References

Petney, T.N,, Pfiffle, M., Norra, S., Oehme, R,, Steidle, ].L.M.,, Littwin, N., Bohnke, D.,
Hogewind, F., Sebastian, P., Kahl, O., Gebhardt, R., Dautel, H., 2014. Untersuchung der
Okologie von Zecken als Ubertriger von Krankheitserregern in Baden-Wiirttemberg
in Bezug auf Habitat, Landnutzung, Wirtstiere und Klima. Zwischenbericht zum
Statuskolloquium Umweltforschung Baden-Wiirttemberg 2014.

Petney, T.N,, Pfaffle, M., Skuballa, ].D., 2012. An annotated checklist of the ticks (Acari:
Ixodida) of Germany. Syst. Appl. Acarol. 17, 115-170.

Petney, T.N.,, Robbins, R.G., Guglielmone, A.A., Apanaskevich, D.A., Estrada-Pefia, A., Horak,
I.G., Shao, R, 2011. A Look at the World of Ticks, in: Mehlhorn, H. (Ed.), Progress in
Parasitology, Parasitology Research Monographs. Springer, Berlin; Heidelberg, pp.
283-296.

Petrak, M., 2013. Biologische Grundlagen zur Bejagung des Rehwildes - Anwendungen in
der Praxis, in: Schriftenreihe Des Landesjagdverbandes Bayern - Rehwildsymposium
- Hege Und Bejagung Des Rehwildes. Landesjagdverbandes Bayern, Augsburg, pp.
53-70.

Petrovec, M,, Sixl, W., Schweiger, R., Mikulasek, S., Elke, L., Wiist, G., Marth, E., Strasek, K.,
Stiinzner, D., Avsic-Zupanc, T., 2003. Infections of Wild Animals with Anaplasma
phagocytophila in Austria and the Czech Republic. Ann. N. Y. Acad. Sci. 990, 103-106.

Pettorelli, N., Gaillard, ]., Duncan, P., Maillard, D., Van Laere, G., Delorme, D., 2003. Age and
Density Modify the Effects of Habitat Quality on Survival and Movements of Roe Deer.
Ecology 84, 3307-3316.

Pettorelli, N., Gaillard, ].-M., Van Laere, G., Duncan, P, Kjellander, P., Liberg, O., Delorme, D.,
Maillard, D., 2002. Variations in adult body mass in roe deer: the effects of population
density at birth and of habitat quality. Proc. Biol. Sci. 269, 747-53.

Pfaffle, M., 2010. Influence of parasites on fitness parameters of the European hedgehog
(Erinaceus europaeus) (Dissertation). Karlsruher Institut fiir Technologie (KIT).
Pfaffle, M., Littwin, N., Muders, S. V., Petney, T.N., 2013. The ecology of tick-borne diseases.

Int. ]. Parasitol. 43, 1059-1077.

Pfaffle, M., Littwin, N., Petney, T.N., 2015a. Host preferences of immature Dermacentor
reticulatus (Acari: Ixodidae) in a forest habitat in Germany. Ticks Tick. Borne. Dis. in
press, 1-8.

Pfaffle, M., Littwin, N., Petney, T.N., 2015b. The relationship between biodiversity and
disease transmission risk. Res. Reports Biodivers. Stud. 4, 9-20.

Pfaffle, M., Petney, T.N., Elgas, M., Skuballa, ].D., Taraschewski, H., 2009. Tick-induced blood
loss leads to regenerative anaemia in the European hedgehog (Erinaceus europaeus).
Parasitology 136, 443-452.

Pfister, H.-W., Einhdupl, K.M,, Franz, P., Garner, C., 1988. Corticosteroids for Radicular Pain
in Bannwarth’s Syndrome A Double-blind, Randomized, Placebo-controlled Trial.
Ann. N. Y. Acad. Sci. 539, 485-487.

Pianka, E.R., 1973. The structure of lizard communities. Annu. Rev. Ecol. Syst. 4, 53-74.

Pichon, B., Mousson, L., Figureau, C., Rodhain, F., Perez-Eid, C., 1999. Density of deer in
relation to the prevalence of Borrelia burgdorferi s.l. in Ixodes ricinus nymphs in
Rambouillet forest, France. Exp. Appl. Acarol. 23, 267-275.

Picken, R.N,, Strle, F., Picken, M.M., Ruzi¢-Sablji¢, E., Maraspin, V., Lotric-Furlan, S.,
Cimperman, J., 1998. Identification of three species of Borrelia burgdorferi sensu lato
(B. burgdorferi sensu stricto, B. garinii, and B. afzelii) Among isolates from
acrodermatitis chronica atrophicans lesions. J. Invest. Dermatol. 110, 211-214.

233



References

Picken, R.N,, Strle, F., Ruzi¢-Sablji¢, E., Maraspin, V., Lotric-Furlan, S., Cimperman, J., Cheng,
Y., Picken, M.M.,, 1997. Molecular subtyping of Borrelia burgdorferi senu lato Isolates
from Five Patients with Solitary Lymphocytomas. J. Invest. Dermatol. 108, 92-97.

Piesman, J., 2006. Strategies for reducing the risk of Lyme borreliosis in North America.
Int. ]. Med. Microbiol. 296, 17-22.

Piesman, J., Gern, L., 2004. Lyme borreliosis in Europe and North America. Parasitology
129 Suppl, S191-S220.

Plokarz, A., 2010. The role of bird migration in the spatial transfer to ticks and tick-borne
diseases (Diplomarbeit). Karlsruher Institut fiir Technologie (KIT).

Pluta, S., 2011. Epidemiologie von Coxiella burnetii, Rickettsia spp., FSME-und Hantaviren
in Stiddeutschland unter Beriicksichtigung klimatischer Veranderungen
(Dissertation). Universitit Hohenheim.

Pluta, S., Hartelt, K., Oehme, R., Mackenstedt, U., Kimmig, P., 2010. Prevalence of Coxiella
burnetii and Rickettsia spp. in ticks and rodents in southern Germany. Ticks Tick.
Borne. Dis. 1, 145-147.

Pluta, S., Tewald, F., Hartelt, K., Oehme, R., 2009. Rickettsia slovaca in Dermacentor
marginatus ticks, Germany. Emerg. Infect. Dis. 15, 2077-2078.

Poinar, G., 2014. Spirochete-like cells in a Dominican amber Ambylomma tick (Arachnida:
Ixodidae). Hist. Biol. 27, 1-6.

Porcella, S.F., Schwan, T.G., 2001. Borrelia burgdorferi and Treponema pallidum: A
comparison of functional genomics, environmental adaptations and pathogenic
mechanisms. J. Clin. Invest. 107, 651-656.

Poulin, R., 1996. Sexual Inequalities in Helminth Infections: A Cost of Being a Male? Am.
Nat. 147, 287-295.

Pound, ].M,, George, ].E., Kammlah, D.M., Lohmeyer, K.H., Davey, R.B., 2010. Evidence for
Role of White-Tailed Deer (Artiodactyla: Cervidae) in Epizootiology of Cattle Ticks
and Southern Cattle Ticks (Acari: Ixodidae) in Reinfestations Along the Texas/Mexico
Border in South Texas: A Review and Update. ]J. Econ. Entomol. 103, 211-218.

R Development Core Team, 2013. R: A Language and Environment for Statistical
Computing. R Found. Stat. Comput. Vienna Austria.

Randolph, S.E.,, 2001. The shifting landscape of tick-borne zoonoses: tick-borne
encephalitis and Lyme borreliosis in Europe. Philos. Trans. R. Soc. Lond. B. Biol. Sci.
356,1045-1056.

Randolph, S.E., 2004. Tick ecology: processes and patterns behind the epidemiological risk
posed by ixodid ticks as vectors. Parasitology 129, S37-S65.

Randolph, S.E., 2009. Tick-borne disease systems emerge from the shadows: the beauty
lies in molecular detail, the message in epidemiology. Parasitology 136, 1403-1413.

Randolph, S.E., Gern, L., Nuttall, P.A., 1996. Co-feeding ticks: Epidemiological significance
for tick-borne pathogen transmission. Parasitol. today 12, 472-479.

Randolph, S.E.,, Green, R.M,, Hoodless, A.N,, Peacey, M.F., 2002. An empirical quantitative
framework for the seasonal population dynamics of the tick Ixodes ricinus. Int. J.
Parasitol. 32, 979-989.

Randolph, S.E,, Green, R.M,, Peacey, M.F., Rogers, D.J., 2000. Seasonal synchrony: the key to
tick-borne encephalitis foci identified by satellite data. Parasitology 121, 15-23.

234



References

Randolph, S.E., Storey, K., 1999. Impact of microclimate on immature tick-rodent host
interactions (Acari: Ixodidae): implications for parasite transmission. ]. Med.
Entomol. 36, 741-748.

Raoult, D., 2004. A new tick-borne rickettsiosis in the USA. Clin. Infect. Dis. 38, 812-813.

Raoult, D., Roux, V., 1997. Rickettsioses as paradigms of new or emerging infectious
diseases. Clin. Microbiol. Rev. 10, 694-719.

Raoult, D., Roux, V., 1999. The body louse as a vector of reemerging human diseases. Clin.
Infect. Dis. 29, 888-911.

Ras, N.M,, Lascola, B., Postic, D., Cutler, S.J., Rodhain, F., Baranton, G., Raoult, D., 1996.
Phylogenesis of relapsing fever Borrelia spp. Int. ]. Syst. Bacteriol. 46, 859-865.
Rauter, C., Hartung, T., 2005. Prevalence of Borrelia burgdorferi sensu lato genospecies in
Ixodes ricinus ticks in Europe: a metaanalysis. Appl. Environ. Microbiol. 71, 7203-

7216.

Rauter, C., Oehme, R, Diterich, 1., Engele, M., Hartung, T., 2002. Distribution of Clinically
Relevant Borrelia Genospecies in Ticks Assessed by a Novel, Single-Run, Real-Time
PCR.]. Clin. Microbiol. 40, 36-43.

Rehbein, S., Walburga, L., Visser, M., Winter, R., 2000. Beitrdge zur Kenntnis der
Parasitenfauna des Wildes in Nordrhein-Westfalen. 1. Der Endoparasitenbefall des
Rehwildes. Z. Jagdwiss. 46, 248-269.

Reif, K.E., Macaluso, K.R., 2009. Ecology of Rickettsia felis: a review. ]. Med. Entomol. 46,
723-736.

Reis, C., Cote, M., Paul, R.E.L,, Bonnet, S., 2011. Questing ticks in suburban forest are
infected by at least six tick-borne pathogens. Vector-Borne Zoonotic Dis. 11, 907-916.

Remde, 1., 2008. Untersuchungen zum Vorkommen der Zoonoseerreger Echinococcus
multilocularis und Trichinella spp. beim Schwarzwild (Sus scrofa scrofa) im
Wartburgkreis (Inaugural-Dissertation). Freie Universitat Berlin.

Rheinland-Pfalz Landesforsten, 2015. Der Wald in unserem Forstamt [WWW Document].
URL http://www.wald-rlp.de/forstamt-bienwald /der-wald-in-unserem-
forstamt.html (accessed 4.19.15).

Richter, D., Matuschka, F.-R., 2010. Elimination of lyme disease spirochetes from ticks
feeding on domestic ruminants. Appl. Environ. Microbiol. 76, 7650-7652.

Richter, D., Schlee, D.B., Allgéwer, R., Matuschka, F.-R., 2004. Relationships of a novel Lyme
disease spirochete, Borrelia spielmani sp. nov., with its hosts in Central Europe. Appl.
Environ. Microbiol. 70, 6414-6419.

Ricketts, H.T., 1906. The Transmission of Rocky Mountain Spotted Fever by the bite of the
wood-tick (Dermacentor occidentalis). ]. Am. Med. Assoc. 47, 358-358.

Ricketts, H.T., 1909. Some aspects of Rocky Mountain spotted fever as shown by recent
investigations. Med. Rec. 76, 843-855.

Rigby, R.A,, Stasinopoulos, D.M,, Lane, P.W., 2005. Generalized additive models for location,
scale and shape. ]. R. Stat. Soc. Ser. C Appl. Stat. 54, 507-554.

Rijpkema, S.G.T., Herbes, R.G., Verbeek-De Kruif, N., Schellekens, ].F.P., 1996. Detection of
four species of Borrelia burgdorferi sensu lato in Ixodes ricinus ticks collected from
roe deer (Capreolus capreolus) in the Netherlands. Epidemiol. Infect. 117, 563-566.

Rijpkema, S.G.T., Molkenboer, M.J.C.H., Schouls, L.M., Jongejan, F., Schellekens, J., 1995.
Simultaneous Detection and Genotyping of Three Genomic Groups of Borrelia
burgdorferi Sensu Lato in Dutch Ixodes ricinus Ticks by Characterization of the

235



References

Amplified Intergenic Spacer Region between 5S and 23S rRNA Genes. J. Clin.
Microbiol. 33, 3091-3095.

Rijpkema, S.G.T., Tazelaar, D.]J.,, Molkenboer, M.J.C.H., Nordhoek, G.T., Plantinga, G., Schouls,
L.M.,, Schellekens, ].F.P., 1997. Detection of Borrelia afzelii, Borrelia burgdorferi sensu
stricto, Borrelia garinii and group VS116 by PCR in skin biopsies of patients with
erythema migrans and acrodermatitis chronica atrophicans. Clin. Microbiol. Infect. 3,
109-116.

Rivosecchi, L., Zanin, E., Cavallini, C., De Paoli, C., 1978. Infestation of roe deer by
Cephenemyia stimulator (Clark) (Diptera, Oestridae) in Trent province. Parassitologia
20, 143-152.

Rizzoli, A.P., Hauffe, H.C., Carpi, G., Vourc’h, G., Neteler, M., Rosa, R., 2011. Lyme borreliosis
in Europe. Eurosurveillance 16, 19906.

Rizzoli, A.P., Hauffe, H.C,, Tagliapietra, V., Neteler, M., Rosa, R., Roberto, R., 2009. Forest
structure and roe deer abundance predict tick-borne encephalitis risk in Italy. PLoS
One 4, e4336.

Robert Koch-Institut, 2011. Robert Koch-Institut SurvStat [WWW Document]. URL
http://www3.rki.de/SurvStat/ (accessed 8.23.11).

Rosa, P.A,, Tilly, K., Stewart, P.E., 2005. The burgeoning molecular genetics of the Lyme
disease spirochaete. Nat. Rev. Microbiol. 3, 129-143.

Rosef, 0., Paulauskas, A., Radzijevskaja, J., 2009. Prevalence of Borrelia burgdorferi sensu
lato and Anaplasma phagocytophilum in questing Ixodes ricinus ticks in relation to the
density of wild cervids. Acta Vet. Scand. 51, 47.

Rossi, L., Eckel, B., Ferroglio, E., 1997. A survey of the gastro-intestinal nematodes of roe
deer (Capreolus capreolus) in a mountain habitat. Parassitologia 39, 303-312.

Rosvold, ], Andersen, R., 2008. Wild boar in Norway - is climate a limiting factor? NTNU
Museum of Natural History and Archaeology, Section of Natural History, Trondheim,
Norway.

Roux, V., Raoult, D., 2000. Phylogenetic analysis of members of the genus Rickettsia using
the gene encoding the outer-membrane protein rOmpB (ompB). Int. J. Syst. Evol.
Microbiol. 50, 1449-55.

Rubel, F,, Brugger, K., Monazahian, M., Habedank, B., Dautel, H., Leverenz, S., Kahl, 0., 2014.
The first German map of georeferenced ixodid tick locations. Parasit. Vectors 7, 477.

Ruiz, L., Soriguer, R.C., Perez, ].M., 1993. Pharyngeal bot flies (Oestridae) from sympatric
wild cervids in southern Spain. J. Parasitol. 79, 623-626.

Ruiz-Fons, F., Fernandez-de-Mera, 1.G., Acevedo, P., Hofle, U., Vicente, ]., de la Fuente, |.,
Gortazar, C., 2006. [xodid ticks parasitizing Iberian red deer (Cervus elaphus
hispanicus) and European wild boar (Sus scrofa) from Spain: geographical and
temporal distribution. Vet. Parasitol. 140, 133-142.

Said, S., Servanty, S., 2005. The influence of landscape structure on female roe deer home-
range size. Landsc. Ecol. 20, 1003-1012.

Salaba, 0., Vadlejch, ], Petrtyl, M., Valek, P., Kudrnacova, M., Jankovska, ., Bartak, M.,
Sulakova, H., Langrova, I., 2013. Cephenemyia stimulator and Hypoderma diana
infection of roe deer in the Czech Republic over an 8-year period. Parasitol. Res. 112,
1661-1666.

Sanogo, Y.0., Davoust, B., Parola, P., Camicas, ].-L., Brouqui, P., Raoult, D., 2003. Prevalence

of Rickettsia spp. in Dermacentor marginatus ticks removed from game pigs (Sus
scrofa) in southern France. Ann. N. Y. Acad. Sci. 990, 191-195.

236



References

Santos, A.S., Bacellar, F., Santos-Silva, M., Formosinho, P., Gracio, A.]., Franca, S., 2002.
Ultrastructural study of the infection process of Rickettsia conorii in the salivary
glands of the vector tick Rhipicephalus sanguineus. Vector-Borne Zoonotic Dis. 2, 165-
177.

Schalk, G., Forbes, M.R.,, 1997. Male Biases in Parasitism of Mammals: Effects of Study Type,
Host Age, and Parasite Taxon. Oikos 78, 67-74.

Scharlemann, ].P.W., Johnson, P.J., Smith, A.A., Macdonald, D.W., Randolph, S.E., 2008.
Trends in ixodid tick abundance and distribution in Great Britain. Med. Vet. Entomol.
22,238-247.

Schex, S.Y., 2011. Rickettsia spp. in free ranging small mammals in South-Eastern Germany
(Dissertation). Ludwig-Maximilians-Universitdt Minchen.

Schex, S.Y., Dobler, G., Riehm, ], Miiller, ]., Essbauer, S., 2011. Rickettsia spp. in wild small
mammals in Lower Bavaria, South-Eastern Germany. Vector-Borne Zoonotic Dis. 11,
493-502.

Schilling, F., Bottcher, M., Walter, G., 1981. Probleme des Zeckenbefalls bei Nestlingen des
Wanderfalken (Falco peregrinus). J. Ornithol. 122, 359-367.

Schley, L., Krier, A., Baghli, A, Roper, T.]., 1998. Hunting records of game species in
Luxembourg during the period 1946 to 1995. Bull. des Nat. Luxemb. 99, 69-77.

Schley, L., Roper, T.]., 2003. Diet of wild boar Sus scrofa in western Europe, with particular
reference to consumption of agricultural crops. Mamm. Rev. 33, 43-56.

Schmidt, K.A,, Ostfeld, R.S., 2001. Biodiversity and the dilution effect in disease ecology.
Ecology 82, 609-619.

Schmidtmann, E.T., Carroll, ].F., Watson, D.W., 1998. Attachment-site patterns of adult
blacklegged ticks (Acari: Ixodidae) on white-tailed deer and horses. ]. Med. Entomol.
35, 59-63.

Schorn, S., Pfister, K., Reulen, H., Mahling, M., Silaghi, C., 2011. Occurrence of Babesia spp.,
Rickettsia spp. and Bartonella spp. in Ixodes ricinus in Bavarian public parks,
Germany. Parasit. Vectors 4, 135.

Schulze, P., Macedo, S., Schonberg, A., Schwebs, M., 1995. Morphologische Unterschiede
von Borrelia-burgdorferi-Stimmen bei elektronenmikroskopischen Untersuchungen.,
in: Siiss, J. (Ed.), Durch Zecken Ubertragbare Erkrankungen. FSME Und Lyme-
Borreliose. WissenschaftsVerlag Angela Weller, Schriesheim, pp. 175-181.

Schulze, T.L., Jordan, R.A., Hung, RW., 2001. Effects of Selected Meteorological Factors on
Diurnal Questing of Ixodes scapularis and Amblyomma americanum (Acari: Ixodidae).
]J. Med. Entomol. 38, 318-324.

Schulze, T.L., Lakat, M.F., Bowen, G.S., Parkin, W.E,, Shisler, ].K., 1984. Ixodes dammini
(Acari: Ixodidae) and other ixodid ticks collected from white-tailed deer in New
Jersey, USA. I. Geographical distribution and its relation to selected environmental
and physical factors. ]. Med. Entomol. 21, 741-749.

Schutzer, S.E., Fraser-Liggett, C.M., Casjens, S.R., Qiu, W.-G., Dunn, ].J., Mongodin, E.F., Luft,
B.J., 2011. Whole-genome sequences of thirteen isolates of Borrelia burgdorferi.].
Bacteriol. 193, 1018-1020.

Schutzer, S.E., Fraser-Liggett, C.M., Qiu, W.-G., Kraiczy, P., Mongodin, E.F., Dunn, ].J., Luft,
B.J., Casjens, S.R., 2012. Whole-genome sequences of Borrelia bissettii, Borrelia
valaisiana, and Borrelia spielmanii. ]. Bacteriol. 194, 545-546.

237



References

Schwarz, A., Maier, W. a, Kistemann, T., Kampen, H., 2009. Analysis of the distribution of
the tick Ixodes ricinus L. (Acari: Ixodidae) in a nature reserve of western Germany
using Geographic Information Systems. Int. ]. Hyg. Environ. Health 212, 87-96.

Schweikert, D., 2012. Untersuchung der Populationsdynamik von Zecken auf Kleinsdugern
im Bienwald (Diplomarbeit). Karlsruher Institut fiir Technologie.

Sebastian, P., Mackenstedt, U., Wassermann, M., Wurst, E., Hartelt, K., Petney, T.N., Pfaffle,
M., Littwin, N,, Steidle, ].L.M., Selzer, P., Norra, S., Bohnke, D., Gebhardt, R., Kahl, O.,
Dautel, H., Oehme, R., 2014. Okologie von Zecken als Ubertriger von
Krankheitserregern in Baden-Wiirttemberg und biologische Zeckenbekdmpfung.
Bundesgesundheitsblatt - Gesundheitsforsch. - Gesundheitsschutz 57, 549-556.

Segonds-Pichon, A, Ferté, H., Fritz, H., Gaillard, ].-M., Lamarque, F., Duncan, P., 1998. Body
mass and parasite load in roe deer (Capreolus capreolus): towards the construction of
a new biological indicator of the animal/habitat relationship. Gibier faune Sauvag. 15,
397-403.

Selmi, M., Martello, E., Bertolotti, L., Bisanzio, D., Tomassone, L., 2009. Rickettsia slovaca
and Rickettsia raoultii in Dermacentor marginatus Ticks Collected on Wild Boars in
Tuscany, Italy. ]. Med. Entomol. 46, 1490-1493.

Sempéré, A.]., Lacroix, A., 1982. Temporal and seasonal relationships between LH,
testosterone and antlers in fawn and adult male roe deer. Acta Endocrinol. (Copenh).
99, 295-301.

Sempéré, A.].,, Sokolov, V.E., Danilkin, A.A., 1996. Capreolus capreolus. Mamm. Species 538,
1-9.

Shaw, D], Grenfell, B.T., Dobson, A.P., 1998. Patterns of macroparasite aggregation in
wildlife host populations. Parasitology 117, 597-610.

Shimalov, V. V., Shimalov, V.T., 2003. Helminth fauna of cervids in Belorussian Polesie.
Parasitol. Res. 89, 75-76.

Silverman, D.]., Wisseman, C.L., 1978. Comparative ultrastructural study on the cell
envelopes of Rickettsia prowazekii, Rickettsia rickettsii, and Rickettsia tsutsugamushi.
Infect. Immun. 21, 1020-1023.

Silverman, D.]., Wisseman, C.L., Waddell, A.D., Jones, M., 1978. External layers of Rickettsia
prowazekii and Rickettsia rickettsii: Occurrence of a slime layer. Infect. Immun. 22,
233-246.

Simser, ]. a.,, Palmer, A.T., Fingerle, V., Wilske, B., Kurtti, T.J., Munderloh, U.G., 2002.
Rickettsia monacensis sp. nov., a spotted fever group rickettsia, from ticks (Ixodes
ricinus) collected in a European city park. Appl. Environ. Microbiol. 68, 4559-4566.

Singh, S.K., Girschick, H.]., 2004. Molecular survival strategies of the Lyme disease
spirochete Borrelia burgdorferi. Lancet Infect. Dis. 4, 575-583.

Siuda, K,, Stanko, M., Piksa, K., Gérz, A., 2009. Ticks (Acari: Ixodida) parasitizing bats in
Poland and Slovakia. Wiadomo$ci Parazytol. 55, 39-45.

Sixl, W., Josek, N., 1971. Einfluss von Temperatur und Feuchtigkeit auf das Verhalten von

Ixodes ricinus, Dermacentor marginatus und Haemaphysalis inermis. Arch. Sci. Genéve
24,97-109.

Skarphédinsson, S., Jensen, P.M., Kristiansen, K., 2005. Survey of tickborne infections in
Denmark. Emerg. Infect. Dis. 11, 1055-61.

Skotarczak, B., 2002. Canine borreliosis - epidemiology and diagnostics. Ann. Agric.
Environ. Med. 9, 137-140.

238



References

Skotarczak, B., Adamska, M., 2008. Coexistence of tick-borne pathogens in game animals
and ticks in western Poland. Vet. Med. (Praha). 53, 668-675.

Skuballa, ].D., 2011. Die Rolle des Europaischen Igels (Erinaceus europaeus) in der
Epidemiologie zeckentibertragener Krankheiten (Dissertation). Karlsruher Institut
fiir Technologie (KIT).

Skuballa, ].D., Petney, T.N., Pfiffle, M., Oehme, R., Hartelt, K., Fingerle, V., Kimmig, P.,
Taraschewski, H., 2012. Occurrence of different Borrelia burgdorferi sensu lato
genospecies including B. afzelii, B. bavariensis, and B. spielmanii in hedgehogs
(Erinaceus spp.) in Europe. Ticks Tick. Borne. Dis. 3, 8-13.

Skuballa, ].D., Petney, T.N., Pfaffle, M., Taraschewski, H., 2010. Molecular detection of
Anaplasma phagocytophilum in the European hedgehog (Erinaceus europaeus) and its
ticks. Vector-Borne Zoonotic Dis. 10, 1055-1057.

Smetanova, K., Schwarzova, K., Kocianov, E., 2006. Detection of Anaplasma
phagocytophilum, Coxiella burnetii, Rickettsia spp., and Borrelia burgdorferi s.l. in
Ticks, and wild-living animals in western and middle Slovakia. Ann. N. Y. Acad. Sci.
1078, 312-315.

Smith, R.P., Rand, P.W., Lacombe, E.H., 1990. Potential for Lyme disease in Maine: deer
survey of distribution of Ixodes dammini, the tick vector. Am. ]. Public Health Nations.
Health 80, 333-335.

Sodeikat, G., Pohlmeyer, K., 2003. Escape movements of family groups of wild boar Sus
scrofa influenced by drive hunts in Lower Saxony, Germany. Wildlife Biol. 9, 43-49.

Sonenshine, D.E., 2006. Tick pheromones and their use in tick control. Annu. Rev. Entomol.
51, 557-80.

Sonenshine, D.E., Roe, R.M,, 2013a. Biology of Ticks Volume 2, 2nd ed. Oxford University
Press.

Sonenshine, D.E., Roe, R.M,, 2013b. Biology of Ticks Volume 1, 2nd ed. Oxford University
Press.

Sonquist, ].A., Morgan, J.N., 1964. The detection of interaction effects: a report on a
computer program for the selection of optimal combinations of explanatory
variables. Survey Research Center, Institute for Social Research, University of
Michigan, Ann Arbor.

Sood, S.K,, Salzman, M.B,, Johnson, B.].B., Happ, C.M,, Feig, K., Carmody, L., Rubin, L.G.,
Hilton, E., Piesman, J., 1997. Duration of tick attachment as a predictor of the risk of
Lyme disease in an area in which Lyme disease is endemic. ]. Infect. Dis. 175, 996-
999,

Speck, S., Perseke, L., Petney, T.N., Skuballa, ].D., Pfaffle, M., Taraschewski, H., Bunnell, T.,
Essbauer, S., Dobler, G., 2013. Detection of Rickettsia helvetica in ticks collected from
European hedgehogs (Erinaceus europaeus, Linnaeus, 1758). Ticks Tick. Borne. Dis. 4,
222-226.

Sprong, H., Wielinga, P.R,, Fonville, M., Reusken, C., Brandenburg, A.H., Borgsteede, F.,
Gaasenbeek, C., van der Giessen, ].W.B., 2009. Ixodes ricinus ticks are reservoir hosts
for Rickettsia helvetica and potentially carry flea-borne Rickettsia species. Parasit.
Vectors 2, 41.

Stanczak, J., Racewicz, M., Michalik, ]., Cieniuch, S., Sikora, B., Skoracki, M., 2009. Prevalence
of infection with Rickettsia helvetica in feeding ticks and their hosts in western
Poland. Clin. Microbiol. Infect. 15, 328-329.

239



References

Stanek, G., 2005. Durch Zecken tibertragbare Krankheitserreger in Mitteleuropa. Wien.
Klin. Wochenschr. 117, 373-380.

Stanek, G., Reiter, M., 2011. The expanding Lyme Borrelia complex - clinical significance of
genomic species? Clin. Microbiol. Infect. 17, 487-493.

Stanek, G., Wormser, G.P., Gray, ].S., Strle, F., 2012. Lyme borreliosis. Lancet 379, 461-473.

Stasinopoulos, D.M., Rigby, R.A,, 2007. Generalized Additive Models for Location Scale and
Shape (GAMLSS ) in R. |. Stat. Softw. 23, 1-46.

Stear, M.]., Wakelin, D., 1998. Genetic resistance to parasitic infection. Rev. Sci. Tech. 17,
143-153.

Steere, A.C., Broderick, T.F., Malawista, S.E., 1978. Erythema chronicum migrans and Lyme
arthritis: epidemiologic evidence for a tick vector. Am. J. Epidemiol. 108, 312-321.

Steere, A.C., Coburn, J., Glickstein, L., 2004. The emergence of Lyme disease. ]. Clin. Invest.
113,1093-1101.

Steere, A.C., Grodzicki, R.L., Kornblatt, A.N., Craft, ].E., Barbour, A.G., Burgdorfer, W.,
Schmid, G.P., Johnson, E., Malawista, S.E., 1983. The spirochetal etiology of Lyme
disease. N. Engl. ]. Med. 308, 733-740.

Steere, A.C., Malawista, S.E., Snydman, D.R,, Shope, R.E., Andiman, W.A,, Ross, M.R,, Steele,
F.M., 1977. Lyme arthritis: an epidemic of oligoarticular arthritis in children and
adults in three connecticut communities. Arthritis Rheumatol. 20, 7-17.

Stefanidesova, K., Kocianov3, E., Boldis, V., Kostanova, Z., Kanka, P., Nemethova, D.,
Spitalska, E., 2007. Evidence of Anaplasma phagocytophilum and Rickettsia helvetica
infection in free-ranging ungulates in central Slovakia. Eur. ]. Wildl. Res. 54, 519-524.

Stephan, R,, Sydler, T., Matthis, A, Brack, A., 2001. Leberveranderungen bei der
Fleischuntersuchung eines Wildschweines. Schweiz. Arch. Tierheilkd. 143, 369-371.

Stewart, P.E., Byram, R., Grimm, D,, Tilly, K., Rosa, P.A., 2005. The plasmids of Borrelia
burgdorferi: essential genetic elements of a pathogen. Plasmid 53, 1-13.

Stothard, D.R,, Clark, ].B., Fuerst, P.A., 1994. Ancestral divergence of Rickettsia bellii from
the spotted fever and typhus groups of Rickettsia and antiquity of the genus
Rickettsia. Int. ]. Syst. Bacteriol. 44, 798-804.

Stubbe, C., 2001. Vom Frischling zum Hauptschwein. Wildbiologische Erkenntnisse, in:
Unsere Jagd Spezial: Schwarzwild. Deutscher Landwirtschaftsverlag, Berlin, pp. 22-
27.

Stubbe, C., 2008. Rehwild: Biologie, Okologie, Hege und Jagd, 5th ed. Franckh-Kosmos
Verlag, Stuttgart.

Stubbe, C., Mehlitz, S., Peukert, R., Goretzki, ]., Stubbe, W., Meynhardt, H., 1989.
Lebensraumnutzung und Populationsumsatz des Schwarzwildes in der DDR -
Ergebnisse der Wildmarkierung. Beitrage zur Jagd- und Wildtierforsch. 16, 212-231.

Stubbe, W., Stubbe, M., 1977. Vergleichende Beitrdge zur Reproduktions-und
Geburtsbiologie von Wild-und Hausschwein, Sus scrofa L., 1758. Beitrage zur Jagd-
und Wildtierforsch. 10, 153-179.

Sugar, L., 1974. The Occurrence of Nasal Throat Bot Flies (Oestridae) in Wild Ruminants in
Hungary. Parasitol. Hungarica 7, 181-190.

Sutherland, W.J., 1996. From Individual Behaviour to Population Ecology (Oxford Series in
Ecology and Evolution). Oxford University Press.

Tagliapietra, V., Rosa, R., Arnoldi, D., Cagnacci, F., Capelli, G., Montarsi, F., Hauffe, H.C.,
Rizzoli, A.P., 2011. Saturation deficit and deer density affect questing activity and

240



References

local abundance of Ixodes ricinus (Acari, Ixodidae) in Italy. Vet. Parasitol. 183, 114-
124.

Talleklint, L., Jaenson, T.G.T., 1997. Infestation of mammals by Ixodes ricinus ticks (Acari:
Ixodidae) in south-central Sweden. Exp. Appl. Acarol. 21, 755-771.

Telford, S.R., Mather, T.N., Moore, S.L., Wilson, M.L., Spielman, A., 1988. Incompetence of
deer as reservoirs of the Lyme disease spirochete. Am. ]. Trop. Med. Hyg. 39, 105-
109.

Telford, S.R., Parola, P., 2007. Arthropods and Rickettsia, in: Raoult, D., Parola, P. (Eds.),
Rickettsial Diseases. CRC Press, pp. 27-36.

Terekhova, D., Iyer, R, Wormser, G.P., Schwartz, I., 2006. Comparative genome
hybridization reveals substantial variation among clinical isolates of Borrelia
burgdorferi sensu stricto with different pathogenic properties. J. Bacteriol. 188,
6124-6134.

Thyresson, N., 1949. The penicillin treatment of acrodermatitis atrophicans chronica
(Herxheimer). Acta Derm. Venereol. 29, 572-621.

Tijsse-Klasen, E., Jacobs, ].]., Swart, A, Fonville, M., Reimerink, ].H., Brandenburg, A.H., van
der Giessen, ].W.B., Hofhuis, A., Sprong, H., 2011. Small risk of developing
symptomatic tick-borne diseases following a tick bite in The Netherlands. Parasit.
Vectors 4, 17.

Tufto, ], Andersen, R,, Linnell, ].D.C., 1996. Habitat use and ecological correlates of home
range size in a small cervid: the roe deer. ]J. Anim. Ecol. 65, 715-724.

Valimaki, P., Madslien, K., Malmsten, J., Hirkonen, L., Hirkonen, S., Kaitala, A., Kortet, R,,
Laaksonen, S., Mehl, R., Redford, L., Ylonen, H., Ytrehus, B., 2010. Fennoscandian
distribution of an important parasite of cervids, the deer ked (Lipoptena cervi),
revisited. Parasitol. Res. 107, 117-125.

Van Buskirk, |, Ostfeld, R.S., 1995. Controlling Lyme Disease by Modifying the Density and
Species Composition of Tick Hosts. Ecol. Appl. 5, 1133-1140.

Van Buuren, S., Fredriks, M., 2001. Worm plot: a simple diagnostic device for modelling
growth reference curves. Stat. Med. 20, 1259-1277.

Van Dam, A.P., Kuiper, H., Vos, K., Widjojokusumo, A., de Jongh, B.M., Spanjaard, L.,
Ramselaar, A.C., Kramer, M.D., Dankert, ]., 1993. Different genospecies of Borrelia
burgdorferi are associated with distinct clinical manifestations of Lyme borreliosis.
Clin. Infect. Dis. 17, 708-717.

Van Soest, P.J., 1994. Nutritional ecology of the ruminant, 2nd ed. Comstock Publishing
Associates, Ithaca, United States.

Vazquez, L., Panadero, R, Dacal, V., Pato, F.]., Lopez, C., Diaz, P., Arias, M.S., Fernandez, G.,
Diez-Bafios, P., Morrondo, P., 2011. Tick infestation (Acari: Ixodidae) in roe deer
(Capreolus capreolus) from northwestern Spain: population dynamics and risk
stratification. Exp. Appl. Acarol. 53, 399-409.

Venables, W.N,, Ripley, B.D., 2002. Modern Applied Statistics with S, 4th ed. ed. Springer,
New York.

Vetyska, V., 1980. Endoparasites of Roe Deer in the Strakonice Region. Acta Vet. Brno 49,
91-103.

Vitale, G., Di Stefano, R., Damiani, G., Mansueto, S., 1989. Characterization of Sicilian strains
of spotted fever group Rickettsiae by using monoclonal antibodies. ]. Clin. Microbiol.
27,1081-1085.

241



References

Von Riiden, S.M., 2006. Zur Bekdmpfung der Klassischen Schweinepest bei Schwarzwild:
Retrospektive Analyse eines Seuchengeschehens in Rheinland-Pfalz (Dissertation).
Tierarztlichen Hochschule Hannover.

Vor, T, Kiffner, C., Hagedorn, P., Niedrig, M., Riihe, F., 2010. Tick burden on European roe
deer (Capreolus capreolus). Exp. Appl. Acarol. 51, 405-417.

Walburga, L., 1989. Ergebnis einer achtjahrigen Untersuchung zum Lungenwurmbefall
beim Schwarzwild. Z. Jagdwiss. 35, 174-183.

Walker, A.R,, Alberdi, M.P., Urquhart, K.A., Rose, H., 2001. Risk factors in habitats of the tick
Ixodes ricinus influencing human exposure to Ehrlichia phagocytophila bacteria. Med.
Vet. Entomol. 15, 40-49.

Walker, D.H., 1996. Rickettsiae, in: Baron, S. (Ed.), Medical Microbiology. University of
Texas Medical Branch.

Wallach, A.D., Shanas, U., Mumcuoglu, K.Y., Inbar, M., 2008. Ectoparasites on reintroduced
roe deer Capreolus capreolus in Israel. ]. Wildl. Dis. 44, 693-696.

Walter, D.E., Proctor, H.C,, 2013. Mites: ecology, evolution, and behaviour - Life at a
Microscale, 2nd ed. Springer Netherlands.

Wang, G., Van Dam, A.P., Dankert, ., 1999a. Phenotypic and genetic characterization of a
novel Borrelia burgdorferi sensu lato isolate from a patient with Lyme borreliosis. J.
Clin. Microbiol. 37, 3025-3028.

Wang, G., Van Dam, A.P., Schwartz, I., Dankert, ]., 1999b. Molecular typing of Borrelia
burgdorferi sensu lato: Taxonomic, epidemiological, and clinical implications. Clin.
Microbiol. Rev. 12, 633-653.

Wang, H,, Hails, R.S., Cui, W.W,, Nuttall, P.A., 2001. Feeding aggregation of the tick
Rhipicephalus appendiculatus (Ixodidae): benefits and costs in the contest with host
responses. Parasitology 123, 447-53.

Weindl, L.M., 2014. Nachweis und Feintypisierung von Listeria monocytogenes in Rot- und
Schwarzwildproben (Dissertation). Ludwig-Maximilians-Universitat Miinchen.

Wikel, S.K., Bergman, D.K., 1997. Tick-host immunology: Significant advances and
challenging opportunities. Parasitol. today 13, 383-389.

Wilske, B., 2003. Diagnosis of Lyme borreliosis in Europe. Vector-Borne Zoonotic Dis. 3,
215-227.

Wilske, B., Fingerle, V., Schulte-Spechtel, U.C., 2007. Microbiological and serological
diagnosis of Lyme borreliosis. FEMS Immunol. Med. Microbiol. 49, 13-21.

Wilson, K., Bjgrnstad, O.N., Dobson, A.P., Merler, S., Poglayen, G., Randolph, S.E., Read, A.F.,
Skorping, A., 2002. Heterogeneities in macroparasite infections: patterns and
proceeds, in: The Ecology of Wildlife Diseases. Oxford University Press, Oxford, pp. 6-
44,

Wilson, M.L., 1994. Population ecology of tick vectors: interaction, measurement and
analysis, in: Sonenshine, D.E. (Ed.), Ecological Dynamics of Tick-Borne Zoonoses.
Oxford University Press, New York, pp. 20-44.

Wilson, M.L., Levine, J.F.,, Spielman, A., 1984. Effect of deer reduction on abundance of the
deer tick (Ixodes dammini). Yale ]. Biol. Med. 57, 697-705.

Wolbach, S.B., 1919. Studies on Rocky Mountain Spotted Fever. ]. Med. Res. 41, 1-198.

Wolfel, H., 2005. Biologie des Rehwildes und Konsequenzen fiir die jagdliche Praxis. Oder:
Das Reh ist kein Ungeziefer und der Jager kein Schadlingsbekdmpfer, in: Proc. 11te
Osterreichische Jagertagung. pp. 5-8.

242



References

Woélfel, R., Essbauer, S., Dobler, G., 2008. Diagnostics of tick-borne rickettsioses in
Germany: A modern concept for a neglected disease. Int. ]. Med. Microbiol. 298, 368-
374.

Wolfel, R, Terzioglu, R., Kiessling, J., Wilhelm, S., Essbauer, S., Pfeffer, M., Dobler, G., 2006.
Rickettsia spp. in Ixodes ricinus ticks in Bavaria, Germany, in: Annals of the New York
Academy of Sciences. pp. 509-511.

Yee, T.W., 2010. The VGAM package for categorical data analysis. . Stat. Softw. 8, 28-39.

Yeruham, I, Rosen, S., Yakobson, B., Nyska, A., 1994. Severe infestation of imported roe
deer (Capreolus capreolus coxi) by Hypoderma diana (Diptera: Hypodermatidae). J.
Wildl. Dis. 30, 552-553.

Younsi, H,, Sarih, M., Jouda, F., Godfroid, E., Gern, L., Bouattour, A., Baranton, G., Postic, D.,
2005. Characterization of Borrelia lusitaniae isolates collected in Tunisia and
Morocco. ]. Clin. Microbiol. 43, 1587-1593.

Zaffaroni, E., Citterio, C., Sala, M., Lauzi, S., 1997. Impact of abomasal nematodes on roe
deer and chamois body condition in an alpine environment. Parassitologia 39, 313-
317.

Zaffaroni, E., Manfredi, M.T., Citterio, C., Sala, M., Piccolo, G., Lanfranchi, P., 2000. Host
specificity of abomasal nematodes in free ranging alpine ruminants. Vet. Parasitol. 90,
221-230.

Zanet, S, Trisciuoglio, A., Bottero, E., de Mera, I.G.F., Gortazar, C., Carpignano, M.G.,
Ferroglio, E., 2014. Piroplasmosis in wildlife: Babesia and Theileria affecting free-
ranging ungulates and carnivores in the Italian Alps. Parasit. Vectors 7, 70.

Zanettii, A.S., Pornwiroon, W., Kearney, M.T., Macaluso, K.R., 2008. Characterization of
rickettsial infection in Amblyomma americanum (Acari: Ixodidae) by quantitative
real-time polymerase chain reaction. J. Med. Entomol. 45, 267-275.

Zoller, C., 2014. Tick abundance in roe deer habitats of southern Rhineland Palatinate
(Master thesis). Karlsruher Institut fiir Technologie.

Zuk, M., McKean, K.A., 1996. Sex differences in parasite infections: patterns and processes.
Int. J. Parasitol. 26, 1009-1023.

243






Appendices






Form for recording organ samples
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Mean group weights

Table B.1: Mean body mass for groups of animals (m4) together with the total minimum
(M in) and maximum (M,,;,) deviation from the average masses (second last and last
column) used to calculate the GDMI; of each individual as described in Section 3.3.4.

Animals mg min(m —m) min(m —m)
Jan/Feb 5 15,40 -5,19 0,81
Mar/Apr 2 15,00 -1,19 -1,19
male May/Jun 6 16,18 -1,19 1,11
= Jul/Aug 1 14,70 -1,49 -1,49
e Sep/Oct 2 15,50 -1,19 -0,19
< Nov/Dec 30 16,50 -4,19 5,81
Jan/Feb 23 15,91 -2,32 1,68
female Sep/Oct 1 17,00 0,68 0,68
. Nov/Dec 60 16,47 -3,32 4,68
3 male May/Jun 9 13,48 -3,76 4,34
% ) Nov/Dec 8 11,75 -2,66 1,34
) = Jan/Feb 2 13,50 -0,82 0,18
s female May/Jun 6 13,32 -1,22 1,18
> Sep/Oct 3 13,00 -3,82 1,18
Nov/Dec 6 14,83 0,18 2,18
Jan/Feb 6 12,83 -0,01 1,99
male Sep/Oct 1 6,30 -5,71 -5,71
§ Nov/Dec 28 12,04 -3,01 1,99
& Jan/Feb 9 11,44 -3,67 3,33
female Sep/Oct 4 8,50 -4,17 -1,67
Nov/Dec 35 12,09 -3,67 3,33
Jan/Feb 7 59,86 -8,80 20,20
- male Sep/Oct 1 67,00 5,20 5,20
= Nov/Dec 17 62,29 -13,80 12,20
g Jan/Feb 15 56,20 -11,34 28,66
female Sep/Oct 1 39,00 -17,34 -17,34
Nov/Dec 42 56,81 -18,34 15,66
Jan/Feb 8 40,13 -15,13 14,87
May/Jun 1 49,20 4,07 4,07
E g male Sep/Oct 2 27,00 -18,13 -18,13
2 E Nov/Dec 29 47,62 -16,13 23,87
= 2 Jan/Feb 8 41,38 -20,53 13,47
= female May/Jun 1 21,00 -23,53 -23,53
Nov/Dec 34 45,97 -12,53 17,47
Jan/Feb 28 22,61 -16,28 16,72
Mar/Apr 1 9,00 -14,28 -14,28
2 male May/Jun 1 18,70 -4,58 -4,58
) Sep/Oct 1 17,00 -6,28 -6,28
A Nov/Dec 57 24,05 -18,28 16,72
female Jan/Feb 33 23,42 -11,91 22,09
Nov/Dec 57 22,61 -17,91 17,09

Total 608 26,72 M pin = -23,53 M par = 28,66
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Equipment and consumables

Table C.1: All used devices and their manufactures.

Device

Manufacturer

Agarose gel chambers

Gel documentation system Bioprofil®

Power Supply PowerPac™ 300
Precision balance PM 2000

Thermal Transfer Printer P90

Centrifuge (Z233M-2)
Minishaker MS 2
Pipettes

Refrigerated centrifuge (5417R, 5804R)

Sterile workbench
Tabletop centrifuge (5415D)
Ultrapure water system

Vortex™ (Genie 2M)
Biohit eLINE® electronic pipette
Maxwell® 16

NucliSENS® easyMag®

LightCycler® 1.5

Thermocycler: GeneAmp® PCR System 9700

Deep freezers (-20 °C; -70 °C)

Refrigerators

Sequencer: ABI Prism® 310 Genetic Analyzer

Gel electrophoresis

LTF Labortechnik, Wasserburg
LTF Labortechnik, Wasserburg
Bio-Rad Laboratories, Miinchen
Mettler-Toledo, Giessen
Mitsubishi, Barcelona

General
Hermle, Wehingen
IKA, Staufen
Eppendorf, Hamburg
Eppendorf, Hamburg
BDK, Sonnenbiihl
Eppendorf, Hamburg
Millipore, Schwalbach

Bender & Hobein, Schweiz

Nucleic acid extraction

Sartorius Lab Instruments, Gottingen
Promega, Mannheim
bioMérieux, Niirtingen
PCR
Roche Diagnostics, Mannheim

Applied Biosystems, Weiterstadt

Sample storage

Kendro, Hanau; Bosch, Gerlingen
Liebherr, Biberach
Sequencing

Applied Biosystems, Weiterstadt
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Table C.2: All used reagents and their suppliers.

Reagent

Supplier

Gel electrophoresis

1 x TBE Puffer (Tris, Boric acid, EDTA)

100 bp ladder

Boric acid
Bromophenol blue
Ethidium bromide (1%)
Ficoll

peq Gold® Universal Agarose

Diethylpyrocarbonate (DEPC)
Ethanol

Hydrochloric acid (25%)
Magnesium chloride

Tris-HCI

Guanidine isothiocyanate (GIT)
RNasin®

Triton™ X-100

General

Nucleic acid extraction

PCR

AmpliTaq® DNA-Polymerase, incl. 10 x buffer, MgClz (25 mM)

dNTP-Set (100 mM Solutions)
dUTP

Nuclease-free water

Primer

Tris HCI

Uracil-DNA glycosylase

HiDi™ formamid

Sequencing

Performance optimized Polymer 6 (POP-6)

Sodium dodecyl sulfate (SDS)

Merck-Millipore, Darmstadt
Amersham Pharmacia, Freiburg
Merck, Darmstadt
Sigma-Aldrich, Taufkirchen
Merck, Darmstadt
Sigma-Aldrich, Taufkirchen
Peqlab, Erlangen

Fluka/Sigma-Aldrich, Steinheim
Merck, Darmstadt
Merck, Darmstadt
Merck, Darmstadt

Merck, Darmstadt

Carl Roth, Karlsruhe
Promega, Mannheim

Sigma-Aldrich, Taufkirchen

Applied Biosystems, Weiterstadt
GE Healthcare, Miinchen
Fermentas, St. Leon-Rot
Promega, Mannheim

Tib Mo, Berlin

Merck, Darmstadt

Fermentas, St. Leon-Rot

Applied Biosystems, Weiterstadt
Applied Biosystems, Weiterstadt
Serva, Heidelberg
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Table C.3: All used kits and their suppliers.

Kit Supplier

Nucleic acid extraction

Reagent cartridges Maxwell® 16 Tissue DNA Promega, Mannheim
Purification Kit (AS1030)

PCR
LightCycler® DNA Master HybProbe Roche Diagnostics, Mannheim
Sequencing
BigDye® Terminator v1.1Cycle Sequencing Qiagen, Hilden
DyeEx™ 2.0 Spin Kit Qiagen, Hilden
QIAquick® PCR Purification Kit Qiagen, Hilden

Table C.4: All used kits and their suppliers.

Material Manufacturer
General
Disposable pipet tips, stuffed Biozym, Hessisch Oldendorf
Disposable pipet tips, non-stuffed Eppendorf, Hamburg
Safestock Eppendorf Cups (0.5 ml; 1.5 ml; 2 ml) Eppendorf, Hamburg
Latex gloves Asid Bonz, Herrenberg
Scalpels Braun, Tuttlingen
PCR
Glass capillaries: LightCycler® Capillaries (20 pl) Roche Diagnostics, Mannheim
PCR vials (0.2 ml) Biozym, Hessisch Oldendorf
Sample acquisition
Multivette® for EDTA and Serum samples Sarstedt, Nimbrecht
Sequencing
Capillaries for Sequencer Applied Biosystems, Weiterstadt
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Solutions and buffers

For Nucleic Acid Extraction

All solutions and buffers were prepared with nuclease-free water or Diethylpyro-
carbonate (DEPC) for the inactivation of RNAses. Vessels for the production of solu-
tions and for their storage were hot air sterilized at 200 °C for 4 hours. Plastic ma-

terials were purchased nuclease-free.

DEPC Water
e make a 10% DEPC stock solution in absolute ethanol (100 ml DEPC + 900 ml
ethanol) and store in a brown glass bottle at room temperature
e prepare a 0.1% utility solution by dilution of the stock solution at a ratio of 1
to 100 with H20bidest (10 ml DEPC solution + 990 ml H20bidest), let the utility
solution incubate for 2 hours at 37 °C, and then store the DEPC utility solution

at4°Cin a glass jar.

The used DEPC solution was autoclaved. For the storage the DEPC solutions, the
plastic screw caps were inserted for 2 hours at 37 °C in the DEPC utility solution and

then autoclaved (30 min at 120 °C).

0.1 M Tris-HCl solution (pH 6.4)
e solubilize 12.11 grams of Tris in 800 ml of DEPC utility solution
e adjust the pH value with HCI (25%) to 6.4
e fill up to 11 with DEP utility solution

e store in glass bottles with plastic screw caps.
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Lysis Buffer for Tissue Pools
e solubilize 120 g guanidine isothiocyanate (GIT) in 100 ml 0.1 M Tris-HCl (pH
6.4) at 56 °C
e add 22 ml of 0.2 M EDTA (Na salt, pH 8.0) and 2.6 g Triton™ X-100 and store in

a dark glass bottle at room temperature.

For Agarose Gel Electrophoresis

Tris/Borate/EDTA (TBE) buffer (5 x)
53.9 g Tris

27.5 g boric acid

20 ml EDTA

solubilize in H20 and fillup to 1 1.

Ethidium Bromide Solution
e dilute ethidium bromide stock solution (1%) to a 0.1% utility solution with

H20bidest at a ratio of 1 to 10.

Loading Buffer
e 20% Ficoll
¢ 0.25% Bromophenol blue
e fill with H20 up to 20 ml.

100 bp Ladder

e dilute stock solution with nuclease-free H20 at a ratio of 1 to 8.
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