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Germany, *Department of Infection Biology and Microbiomes, Institute of Infection, Veterinary and
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A considerable range expansion of Dermacentor reticulatus has been
observed in several European countries, which is concerning in the light
of its vector function for several pathogens, including Babesia canis and
tick-borne encephalitis virus (TBEV). The present study provides an update
on the distribution of Dermacentor ticks in Germany, using a citizen science
approach. Ticks were collected by citizens from March 2020 to May 2021,
and submitted along with information on the date and location of collection,
potential hosts and details about the circumstances of discovery. In total, 3,292
Dermacentor specimens were received, of which 76.4% (2,515/3,292) were
identified as D. reticulatus and 23.0% (758/3,292) as D. marginatus, while 0.6%
(19/3,292) were too damaged for species-level identification. Dermacentor
reticulatus was received from all federal states of Germany. Maxent species
distribution models predicted suitable environmental conditions for D.
reticulatus throughout Germany. Findings on the vegetation or on pastured
animals without travel history confirmed the occurrence of this tick species
as far north as the most northern German federal state Schleswig-Holstein.
In contrast, the distribution of D. marginatus still appears to be limited to
southwestern Germany, although the northward shift of the distribution limit
observed in the preceding citizen science study, as compared with previous
published distributions, was confirmed. This shift was also predicted by Maxent
species distribution models, reflecting the broader distribution of the tick
occurrence data contributed by citizens. Most D. reticulatus ticks were found
on dogs (1,311/1,960, 66.9%), while D. marginatus was mainly discovered on
hoofed animals (197/621, 31.7%) and humans (182/621, 29.3%). Human tick
bites were reported in 0.7% (14/1,960) of host-assigned D. reticulatus and
3.4% (21/621) of host-assigned D. marginatus. Further studies to investigate an
increasing endemisation of Babesia canis in Germany as well as the relevance
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of D. reticulatus for TBEV spread throughout the country, e.g., by traveling
dogs, are urgently needed. In view of the activity of D. reticulatus during winter
or the colder months, which complements that of Ixodes ricinus, a year-round
tick protection of at least dogs is strongly recommended.

ticks, Dermacentor marginatus, ornate dog tick, meadow tick, ornate sheep tick, range
expansion, citizen science

Introduction

Ticks play a pivotal role in public and veterinary health, both
as nuisance pests and as vectors of pathogens. Environmental
and climatic changes may lead to changes in tick activity,
tick occurrence and, consequently, the incidence of tick-borne
diseases (1). Therefore, surveillance of tick-borne diseases
should include the geographic distribution of ticks (2).

During the last two decades, an increasing number of
studies has reported marked habitat expansion of the ornate
dog tick, Dermacentor reticulatus, in several European countries,
including Poland (3, 4), Slovakia (5), the Czech Republic (6), the
United Kingdom (7), the Netherlands (8), and Germany (9, 10).
This tick species plays an important role in veterinary medicine
due to its vector function for Babesia canis, the piroplasmid
parasite responsible for potentially fatal babesiosis in dogs
(11). An increase in canine babesiosis cases has indeed been
observed, e.g., in Poland, the United Kingdom and Germany,
and linked to the expanded distribution of D. reticulatus (3,
12-14). Furthermore, local D. reticulatus populations in the
Netherlands have recently been incriminated in autochthonous
transmission of Babesia caballi and Theileria equi, the causative
agents of equine piroplasmosis (8). Moreover, D. reticulatus
can transmit zoonotic pathogens such as tick-borne encephalitis
virus (TBEV) (15) and spotted-fever group rickettsiae (16).

The underlying causes of the habitat expansion of D.
reticulatus are probably multi-factorial, involving changes in
agricultural practices and land use, such as renaturation of
landscapes, increased density and movement of wildlife and
domestic animals as well as increased temperatures, which
facilitate the completion of the ticK’s life cycle within 1-2 years
(17-20). In contrast to D. reticulatus, the range of the only
congeneric species in Europe, Dermacentor marginatus, seems to
be rather stable, although a possible northward expansion along
the Rhine has recently been reported (10).

In 2019, a citizen science study was initiated in Germany
to collect data on the geographic distribution of Dermacentor
ticks (10). The study has been continued since and allows an
update of the reported distribution, with several new locations
with Dermacentor infestation risk. In addition, machine
learning models reveal the predicted potential distributions of
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Dermacentor spp. throughout Germany based on the citizen
data collected and current environmental conditions. The
resulting maps can be used to inform public and veterinary
health risk assessments (21), which might be especially useful in
unsampled, or less well-sampled areas.

Materials and methods

Citizen science call

Press releases asking citizens to submit Dermacentor ticks,
along with information on the date and location of collection
(GPS [Global Positioning System] data or postal code), potential
hosts and details about the circumstances of discovery, were
issued by the University of Veterinary Medicine Hannover,
Hanover, northern Germany, as well as the Department of
Parasitology at the University of Hohenheim, Stuttgart, southern
Germany, during the year 2020. Press releases were circulated
in various regional and national media. Additionally, both
institutions continuously advocated the citizen science call on
their websites, providing pictures to help citizens to distinguish
between different tick genera. Apart from this, no additional
training was provided.

Tick identification

Ticks were morphologically identified to species level
following Arthur (22), Siuda (23), and Estrada-Pena et al. (24).

Two D. marginatus specimens of unusual origin were
additionally subjected to PCR and sequencing of the 16S
ribosomal RNA gene using primers 165+1 and 16S—1 (25)
to confirm the morphological identification. For this purpose,
partial ticks were homogenized in DirectPCR ™ Lysis Reagent
Cell (PEQLAB Biotechnology GmbH, Erlangen, Germany) and
incubated with addition of proteinase K at 56°C overnight,
followed by 85°C for 45 min. The 25 .l PCR reaction included
1 pl DreamTaq polymerase (Thermo Fisher Scientific, Epsom,
UK), 2.5 pl 10x buffer, 1 pl of each %imer (10 M each)
and 0.5 pl ANTPs (10 mM each, Roti~ -Mix PCR 3, Carl
Roth, Karlsruhe, Germany). As template, 0.5 pl tick lysate
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was used. The thermoprofile consisted of initial denaturation
at 95°C for 3 min, followed by 38 cycles of 95°C for 30s,
annealing for 30s and extension at 72°C for 45s, and final
extension at 72°C for 7min. The annealing temperature was
raised (47-48.8°C) during the first seven cycles as described by
Mangold et al. (25), and the remaining cycles were performed
with an annealing temperature of 50°C. After visualization
on 1.5% agarose gels stained with GelRed ™ (Biotium Inc.,
Fremont, CA, USA), PCR products were sent for custom Sanger

sequencing (Microsynth Seqglab, Gottingen, Germany).

Classification of reported locations

The accuracy of the reported locations was classified as
reported by Drehmann et al. (10). Briefly, (i) a high accuracy
was assumed for ticks collected from pastured animals or
from the vegetation, (ii) a medium accuracy for unengorged
ticks found on dogs or humans during or immediately after
a walk, as well as for ticks from cats or wild terrestrial
animals and (iii) a low accuracy in cases of engorged ticks
found on dogs, ticks found on birds or ticks found in an
unsuitable habitat (e.g., inside a house). If no information
was provided, or the specimen was detected on dogs or
humans traveling large distances, the accuracy was classified as
(iv) unknown.

In addition, the status of each tick species on district
level was classified based on the number of ticks received
per location. All tick findings, irrespective of the accuracy
classification, from 2019 to 2021 were considered, including
data from Drehmann et al. (10). GPS coordinates were rounded
to two decimal digits, i.e., findings with a maximum distance
of approximately 1km were regarded as being from the same
location. If only a single tick was received from a location,
this was classified as “occurrence.” A number of 2-5 ticks per
location was termed “multiple occurrence,” while > 5 ticks,
including both male and female specimens, was regarded as
“population establishment.” If ticks were received from multiple
years and totaled > 5 specimens, including both sexes, this was
deemed “endemisation.”

Spatial data were visualized in R v. 4.1.0 (26) with
administrative boundaries retrieved via the rworldmap package
(27) and from the Global Administrative Areas Database (28).
Maps include data of the present study, from Drehmann
et al. (10) and locations where ticks were collected from
the vegetation with the flagging method by the involved
research institutions. From the citizen science study, only
locations with a high or medium accuracy were pictured
as dots.

A second set of maps was generated to visualize confirmed
occurrence, i.e., high accuracy findings on the vegetation, on
stationary pastured animals or on terrestrial wildlife.
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Modeling potential Dermacentor spp.
distributions—Data preparation

The potential spatial distributions of D. reticulatus and D.
marginatus were estimated using Maxent v. 3.4.4 (a machine
learning method) (29, 30) in R v. 4.1.0 (26). Maxent takes, as
input, (1) georeferenced species occurrence records, (2) gridded
environmental variables for the region of interest.

Occurrence records, representing locations where D.
638) have
been recorded in Germany, were obtained from the high

reticulatus (n = 682) and D. marginatus (n =
accuracy records collected in the present study and the high
accuracy records collected by Drehmann et al. (10). To reduce
autocorrelation and spatial bias introduced by heterogeneous
sampling effort (e.g., potentially more intensive sampling
in more populated locations), the occurrence data for each
species were further thinned to a distance of 6 km (minimum
6km between records; corresponding to the resolution of the
environmental layers i.e., size of each pixel) using spThin::thin
(31), resulting in 121 high accuracy occurrence records for D.
reticulatus and 108 records for D. marginatus.

By default, Maxent software selects 10,000 background
points at random from the study region. However, since most
occurrence datasets suffer from some degree of sample selection
bias, it is recommended to select background points with the
same bias as the occurrence records (32). For this, the entire
high reliability occurrence dataset was thinned to a distance of
6km, and a continuous “bias” layer generated by normalizing a
kernel density estimate [raster:density (33)] to values between
0 and 1. This bias layer was then used to weight the selection
of 10,000 random points throughout Germany, ensuring that
no more than one point was selected per pixel, and that spatial
bias in the background point dataset reflected the bias in the
occurrence dataset.

Elevation and current bioclimatic (Bioclim) variables were
extracted at a 2.5 min resolution from the Worldclim database
(34) using the raster::getData function (33).

The CORINE Land Cover 2018 dataset v2020_20ul
(CLC2018) was obtained at a 100 m resolution (35). CLC2018
was resampled (nearest neighbor method) and reprojected to
match the resolution and projection of the Bioclim datasets
using the raster::projectRaster function (33). All environmental
datasets were then cropped and masked (33) to the boundary of
Germany (36). From the Bioclim dataset, a subset of variables
were chosen based on their ecological relevance to Dermacentor
spp- (37, 38). usdm::vifstep (39) was used to exclude variables
with a variance inflation factor (VIF) exceeding 10, which
indicates collinearity (40). Finally, values for the environmental
variables corresponding to the locations of the occurrence
points (presences) and background points were extracted using
raster:extract (33) to generate a comma separated values
(.csv) file containing the coordinates for each occurrence and
background point, a binary variable representing an occurrence
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(1) or background point (0), and the environmental values
associated with each record. Two of the D. reticulatus, and
one of the D. marginatus records could not be matched with
environmental data and were removed from further analyses.

Modeling potential Dermacentor spp.
distributions—Model development

Maxent models were run and evaluated using dismo in R
(41). The default Maxent parameters were implemented as they
produce robust, well-performing models (42).

Ten replicates were run for each species to evaluate model
performance. For each replicate, a random subsample of
70% of the occurrence and background data was used for
model training and the remaining 30% used for model testing
[biomod2::SampleMat2 (43)]. The resultant spatial predictions
show the relative environmental suitability for each species
expressed as a probability (0-1) for each pixel in the area
of interest.

Two measures of model accuracy were used to assess
each replicate’s model output: the area under the receiver
operating characteristic curve (AUC) and the true skill statistic
(TSS) calculated using the test data. The AUC is a threshold
independent measure of model performance, which quantifies
the model’s ability to predict higher values of suitability in
known presence localities compared to background points. This
value ranges from 0 to 1, with 0.5 signifying a model’s predictive
power is no better than random, and values exceeding 0.7
indicating good model performance (44). The TSS balances the
sensitivity (true positive rate) and specificity (true negative rate)
of a binary model output and was estimated as the maximum
sensitivity 4 specificity - 1. A TSS value exceeding 0 represents a
model preforming better than random and a value of 1 indicates
perfect model performance (45).

The threshold probability of environmental suitability that
maximized model sensitivity and specificity, based on the test
data, was also estimated for both species. This threshold can
be used to transform the probabilistic output into binary
predictions whereby locations with values above this threshold
can be interpreted as environmentally suitable for the species,
and locations with values below this threshold can be interpreted
as largely unsuitable. However, this transformation was not
done in this study as it is the authors’ opinions that such data
reduction obscures subtleties, which may be epidemiologically
important for Dermacentor spp., such as the potential for species
to exist in areas of marginal suitability, and the potential for the
public to misinterpret regions below the threshold as “zero risk.”

Environmental variables” contributions to model predictive

performance were estimated using the permutation importance,

which represents the percentage reduction in model
performance (AUC) when each covariate is randomly
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permuted. Higher permutation importance values indicate
a greater contribution of that covariate to model performance.
Response plots produced with the Maxent output were inspected
for the variables with the highest permutation importance, to
describe the change in environmental suitability across the
range of the variable(s). For CLC2018, a categorical variable,
land cover classifications yielding high probabilities (>0.65)
were identified for each replicate to highlight land cover types
most often associated with high environmental suitability.

Results

Received Dermacentor ticks

From March 2020 until the end of May 2021, 3,292
Dermacentor ticks collected in Germany were received. Of these,
76.4% (2,515/3,292) were identified as D. reticulatus and 23.0%
(758/3,292) as D. marginatus, while 0.6% (19/3,292) were too
damaged for species-level identification. As expected based on
the nidicolous lifestyle of larval and nymphal Dermacentor ticks,
all received ticks were adult specimens and the sex ratio of
D. reticulatus was 53.6% male (1,349/2,515) vs. 46.3% female
(1,165/2,515), while the sex of one D. reticulatus specimen
(0.04%) was not identifiable due to a deteriorated condition.
Regarding D. marginatus, 45.8% (347/758) of specimens were
male, 54.1% (410/758) female and one specimen (0.1%)
was gynandromorph.

Geographic distribution of received ticks

For 98.2% (3,234/3,292) of the ticks, specifically for 97.7%
(2,457/2,515) of D. reticulatus and 100.0% of D. marginatus
(758/758), the federal state of origin was unambiguous, whereas
the origin was unclear due to missing information or travel
activity of the senders for 58 ticks. Dermacentor reticulatus
was collected in all federal states of Germany, while D.
marginatus was mainly found in the southwestern part of the
country, in the states of Baden-Wuerttemberg, Bavaria, Hesse,
North Rhine-Westphalia, Rhineland-Palatinate and Saarland
(Table 1, Figures 1, 2). Interestingly, more D. marginatus than D.
reticulatus were sent in from those states, except for Hesse and
Saarland (Table 1). Particularly remarkable locations for both
tick species are listed in Table 2. A single D. marginatus specimen
was found on a cat in Mecklenburg-Western Pomerania in
northern Germany (Figure 2). This specimen was confirmed as
D. marginatus by 16S rDNA PCR and sequencing. The obtained
sequence showed 99.7% identity to a previously published D.
marginatus sequence (GenBank acc. no. MH645513, 100% query
cover [QC]), while identity to D. reticulatus amounted to only
90.1% (acc. no. MT478096, 100% QC). The owners reported that
the cat had no travel history. Furthermore, one D. marginatus
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TABLE 1 Distribution of Dermacentor ticks with unambiguous origin among the federal states of Germany, received from March 2020 to May 2021.

Federal state D. reticulatus (N = 2,457)

Baden-Wuerttemberg 283 (11.5%)

Bavaria 45 (1.8%)
Berlin 115 (4.7%)
Brandenburg 399 (16.2%)
Free Hanseatic City of Bremen 1 (0.04%)
Free and Hanseatic City of Hamburg 2(0.04%)
Hesse 193 (7.9%)

Lower Saxony 507 (20.6%)

Mecklenburg-Western Pomerania 14 (0.6%)
North Rhine-Westphalia 26 (1.1%)
Rhineland-Palatinate 70 (2.8%)
Saarland 47 (1.9%)
Saxony 222 (9.0%)

Saxony-Anhalt 272 (11.1%)
58 (2.4%)

203 (8.3%)

Schleswig-Holstein

Thuringia

specimen from North Rhine-Westphalia collected in the town
of Herne at 7.24° E/51.53° N, i.e., 0.5° north of the currently
accepted distribution limit (10, 46), was also confirmed by
DNA analysis. The obtained 16S rDNA sequence showed 99.5%
identity to publicly available D. marginatus sequences (e.g., acc.
no. MN907447, 100% QC) and 90.3% identity to D. reticulatus
(e.g., acc. no. MT478096, 100% QC).

Taken together, data from Drehmann et al. (10) and the
present study period yielded 1,862 individual locations for D.
reticulatus and 666 for D. marginatus. From 1,253 (67.3%) and
511 (76.7%) of these locations, respectively, only single ticks
were received, whereas “multiple occurrence” was noted at 467
(25.1%) and 129 (19.4%) locations. From 116 (9.2%) and 20
(3.0%) locations, more than five ticks, including males and
females, were received (“establishment”). There was evidence
of endemisation, i.e., sendings from multiple years, for 26
(1.4%) locations regarding D. reticulatus and 6 (0.9%) locations
regarding D. marginatus.

In the present study, the accuracy of the reported location
of finding was characterized as high for 244 D. reticulatus and
289 D. marginatus specimens and as medium in 1,206 and 209
cases, respectively. These locations are pictured in Figures 1,
2, together with the locations reported by Drehmann et al.
(10) and the evidence for “occurrence;,” “multiple occurrence,
“establishment,” and “endemisation” on district level.

Confirmed occurrence
Distribution maps of confirmed occurrence for both

species based on findings on the vegetation, on stationary
pastured animals (on-site infestations) and on terrestrial wildlife

Frontiersin Veterinary Science

D. marginatus (N = 758) Dermacentor spp. (N =19)

403 (53.2%) 4(21.1%)
83 (10.9%) 0 (0.0%)
0 (0.0%) 0 (0.0%)
0 (0.0%) 1(5.3%)
0 (0.0%) 0 (0.0%)
0 (0.0%) 0 (0.0%)
33 (4.4%) 2 (10.5%)
0 (0.0%) 3 (15.8%)
1(0.1%) 0 (0.0%)
39 (5.1%) 2 (10.5%)
194 (25.6%) 1(5.3%)
5 (0.7%) 0 (0.0%)
0 (0.0%) 3 (15.8%)
0 (0.0%) 3 (15.8%)
0 (0.0%) 0 (0.0%)
0 (0.0%) 0 (0.0%)

(infestations on-site or in the closer vicinity), are shown
in Figure 3. As compared to previous findings (47), several
additional administrative districts with confirmed Dermacentor
occurrence, ie., an infestation/infestation risk within the
respective area, were noted (shaded in yellow in Figure 3).
However, for most records from horses, a previous travel history
cannot be entirely excluded.

Of the 155 individual “high-accuracy” locations for D.
reticulatus, 77 (49.7%) were based on multiple tick findings.
At 15 (9.7%) of these locations, more than five ticks were
found, including both male and female specimens, and thus
suggesting population establishment. At 10 (6.5%) locations (six
in the federal state of Lower Saxony, as well as three in Baden-
Wuerttemberg and one location in Thuringia), D. reticulatus
endemisation was indicated by tick findings in multiple years.

Regarding D. marginatus, 152 individual “high-accuracy”
locations were recorded, of which 70 (46.1%) were based on
multiple tick findings. Population establishment as defined
above was suggestive at 16 locations (10.5%), while endemisation
was proven by sendings from multiple years in four cases (2.6%).

Temporal course of citizen’s
Dermacentor collections

For 2,119/2,515 D. reticulatus and 756/758 D. marginatus
specimens, information on the month of collection was
provided. Findings of D. reticulatus peaked from September to
November 2020, while a smaller peak was noted in March and
April of both 2020 and 2021. In contrast, most D. marginatus
were found in the months of March, April, and May compared
to the autumn months (Figure 4).
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no sendings
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endemisation

FIGURE 1

Geographic origin of D. reticulatus submissions from German citizens between February 2019 and May 2021. Districts are shaded according to
evidence for tick occurrence (single tick/location), multiple occurrence (2-5 ticks/location), establishment (>5 ticks/location) and endemisation
(>5 ticks/location, from multiple years). High and medium accuracy records are depicted as dots. Locations previously published by Drenmann
et al. (10) are shown in blue, while new records are shown in red. More intense colors indicate multiple findings in close proximity. In the map
insert, federal states are abbreviated with italic letters (B, Berlin; BR, Bremen; BW, Baden-Wuerttemberg; BV, Bavaria; BB, Brandenburg; HH, Free
and Hanseatic city of Hamburg; H, Hesse; LS, Lower Saxony; MWP, Mecklenburg-Western Pomerania; NRW, North Rhine-Westphalia; RP,
Rhineland-Palatinate; S, Saxony; SA, Saxony-Anhalt; SH, Schleswig-Holstein; SL, Saarland; T, Thuringia) and cities with bold letters (BS,
Brunswick; C, Cologne; F, Freiburg; G, GieRen; H, Hanover; K, Karlsruhe; L, Leipzig; M, Mannheim; S, Stuttgart).

Reported host association and human
tick bites

Information on host association was available for
1,960/2,515 D. reticulatus and 621/758 D. marginatus specimens.
Detailed information on the host association is presented in
Table 3. Dermacentor reticulatus was mainly found on domestic
animals (1,467/1,960, 74.8%), predominantly dogs (1,311/1,960,
66.9%), while 9.3% (183/1,960) were discovered on the human
body and only 22 specimens (1.1%) were associated with wild
animals. The remaining 14.7% (288/1,960) were discovered
off-host (e.g., on vegetation). Dermacentor marginatus was also
mainly associated with domestic animals (240/621, 38.6%),
especially horses (95/621, 15.3%) and goats (72/621, 11.6%),
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whereas only a low proportion was found on dogs (41/621,
6.6%). Humans were the putative host in 29.3% of cases
(182/621), and 4 specimens (0.6%) were discovered on wildlife.
The remaining 31.4% (195/621) were found off-host.

Human tick bites were reported in 0.7% (14/1,960) of host-
assigned D. reticulatus (7.7% of all D. reticulatus specimens
discovered on humans), and 3.4% (21/621) of host-assigned D.
marginatus (11.5% of specimens discovered on humans).

Potential Dermacentor spp. distributions

R code and Maxent replicate outputs have been deposited
to the Open Science Framework for reuse (48). In total,
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FIGURE 2

Geographic origin of D. marginatus submissions from German citizens between February 2019 and May 2021. Districts are shaded according to
evidence for tick occurrence (single tick/location), multiple occurrence (2-5 ticks/location), establishment (>5 ticks/location) and endemisation
(>5 ticks/location, from multiple years). High and medium accuracy records are depicted as dots. Locations previously published by Drenmann
et al. (10) are shown in blue, while new records are shown in red. More intense colors indicate multiple findings in close proximity. In the map
insert, federal states are abbreviated with italic letters (B, Berlin; BR, Bremen; BW, Baden-Wuerttemberg; BV, Bavaria; BB, Brandenburg; HH, Free
and Hanseatic city of Hamburg; H, Hesse; LS, Lower Saxony; MWP, Mecklenburg-Western Pomerania; NRW, North Rhine-Westphalia; RP,
Rhineland-Palatinate; S, Saxony; SA, Saxony-Anhalt; SH, Schleswig-Holstein; SL, Saarland; T, Thuringia) and cities with bold letters (BS,
Brunswick; C, Cologne; F, Freiburg; G, GieRen; H, Hanover; K, Karlsruhe; L, Leipzig; M, Mannheim; S, Stuttgart).

119 D. reticulatus and 107 D. marginatus occurrence points
were included in model development. After excluding all
environmental variables with VIF > 10, 9 environmental
variables remained (Figure 5A). Correlation coefficients for the
final selection of environmental variables ranged between —0.76
and 0.04, and VIF ranged between 1.07 and 4.46.

The area predicted by the Maxent models as being
environmentally suitable for D. reticulatus and D. marginatus
(Figure 6) encompasses the known geographical distribution of
the species (cf. Figure 3). The maps highlight certain suitability
hotspots, including the Rhine-Plain in the South-West for
both species, and the North-East for D. reticulatus. The
standard deviation for both species’ outputs was low across
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the majority of the study area, indicating consistency between
model replicates, with higher deviation in regions with fewer
occurrence data points, for example, in the North-West for
D. reticulatus and South-East for D. marginatus. The models
for both species performed well statistically (D. reticulatus
AUC = 0.67 [0.03S.D.], TSS = 0.31 [0.04]; D. marginatus
AUC = 0.80 [0.02S.D.], TSS = 0.56 [0.07]), indicating good
predictive capability. The lower AUC values for D. reticulatus
may be a consequence of the now widespread distribution of
this species within Germany, which makes it difficult for the
model to discriminate between suitable and unsuitable habitats
(49). This is to be expected as it is a known artifact of the
AUC. The probability threshold which maximized sensitivity
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Horses travelled to St.

Remarks

Host/circumstance
Dog, found after a
hunting expedition
Horses on pasture

of finding

No. of
ticks/engorgement
status

50 (22 females, 27
males), mostly engorged
2 (1 female, 1 male),

Federal State
Schleswig-Holstein
Schleswig-Holstein

Rendsburg-Eckernférde
Schleswig-Flensburg

District

Location
Bordesholm
Dérpstedt

TABLE 2 Outstanding locations of D. reticulatus and D. marginatus findings in Germany.

Tick species
D. reticulatus
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and specificity was 0.46 (0.11S.D.) for D. reticulatus and 0.24
(0.06) for D. marginatus.

Among the nine environmental variables, elevation was
the most influential and caused the greatest percentage
reduction in model performance when permuted for both
D. marginatus and D. reticulatus (Figures 5B,C). When all
other variables were held constant, environmental suitability
increased with increasing elevation for D. marginatus, and
decreased with increasing elevation for D. reticulatus. Models
run using only elevation indicated a unimodal relationship
with increasing environmental suitability for D. marginatus
up to ~250m above sea level, and for D. reticulatus
up to ~100m above sea level, decreasing thereafter [see
Maxent replicate outputs [response plots and “maxent.html”
files]; (48)]. The permutation importance of land cover
was also high for D. reticulatus (Figure 5B) and a broad
range of land classifications were associated with high
probabilities of environmental suitability [see Maxent replicate
outputs [response plots and “maxent.html” files]; (48)]. This
included urban and disturbed land types (“discontinuous
urban fabric,” “industrial or commercial units,” “mineral
extraction sites,” and “dump sites”), amenity areas (“green
urban areas” and “sport and leisure facilities”), fragmented
habitats (“discontinuous urban fabric” and “complex cultivation
patterns”), “natural grasslands” and grid cells including
“water courses” and “fruit/berry plantations.” Although the
permutation importance of land cover for D. marginatus was
lower, there were interesting differences in the land cover types
associated with high probabilities of environmental suitability,
which included forest/shrub/natural/fragmented areas (“broad-
leaved forest, “mixed forest,;” “traditional woodland-shrub,”
“vineyards,” “fruit/berry plantations,” “complex cultivation
patterns;,” and “land principally occupied by agriculture with
significant areas of natural vegetation”) as well as disturbed
land (grid cells including “airports” and “mineral extraction
sites”). Similarly, for D. reticulatus cf. D. marginatus, there was
greater variation in importance between the Bioclim variables
(Figure 5).

Discussion

The geographical range expansion of ticks, as observed
especially for D. reticulatus in Europe (3-10), is concerning in
the light of their vector potential. Citizen science studies are
useful tools to compile large tick collections with geographic
information in a relatively short amount of time, thus helping
to assess species distributions across large areas (10, 50, 51).
Nevertheless, the data have to be interpreted cautiously, as
information provided by citizens can be inaccurate with regard
to the origin of the tick, e.g., if a previous travel history is
not indicated (51). The present study provides an update of
Dermacentor distribution in Germany based on a citizen science
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FIGURE 3

® vegetation e cattle » sheep/goat/alpaca e horse/donkey 4 horse/donkey - travel history not excluded v wildlife ¥ cat

Confirmed occurrence of (A) D. reticulatus and (B) D. marginatus in Germany, based on ticks found on the vegetation and infestations on-site or
in the closer vicinity, i.e., ticks found on pastured animals and terrestrial wildlife. Additionally, horses/donkeys for which a travel history cannot be
entirely excluded were pictured. Maps include data of the present study, from Drehmann et al. (10) and locations where ticks were flagged from
the vegetation by the involved research institutions. More intense colors indicate multiple findings in close proximity. Administrative districts with
previously unreported confirmed Dermacentor occurrence as compared to Rubel et al. (47) are shaded in yellow. In addition, the finding of D.
marginatus in Mecklenburg-Western Pomerania on a cat without travel history is pictured by a star. In the map insert, federal states are
abbreviated with italic letters (B, Berlin; BR, Bremen; BW, Baden-Wuerttemberg; BV, Bavaria; BB, Brandenburg; HH, Free and Hanseatic city of
Hamburg; H, Hesse; LS, Lower Saxony; MWP, Mecklenburg-Western Pomerania; NRW, North Rhine-Westphalia; RP, Rhineland-Palatinate; S,

Saxony; SA, Saxony-Anhalt; SH, Schleswig-Holstein; SL, Saarland; T, Thuringia) and cities with bold letters (BS, Brunswick; C, Cologne; F,
Freiburg; G, GieRen; H, Hanover; K, Karlsruhe; L, Leipzig; M, Mannheim; S, Stuttgart).

project initiated in 2019, which classified the accuracy of the
obtained records based on the provided information (e.g., travel
history), tick engorgement status and mobility of the involved
tick host. Consequently, individual locations were only shown
in distribution maps when representing “high” and “medium”
accuracy records (10), and potential distributions were modeled
based on “high” accuracy records only. Nevertheless, finding
of a tick at a certain location, even if it did not originate
there, indicates transportation of ticks and thus the potential of
further range expansion. Therefore, district-level classification
of tick occurrence, establishment and endemisation included
all obtained records. In addition, “high” accuracy locations,
referring to ticks collected from pastured animals, wildlife or
directly from the vegetation, were mapped separately to visualize
confirmed occurrence of each species in terms of an infestation
risk on-site or in the close vicinity.

Dermacentor spp. distributions observed and predicted in
this study were more widespread than previously reported.
As compared to previous findings (47), several additional
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administrative districts with Dermacentor presence were noted.
This resulted in a broader range of potential environmental
suitability ~predicted by
particularly for D. marginatus, than previous modeling

species  distribution modeling,
studies suggest (52), highlighting the importance of ongoing
surveillance for accurate risk assessments. Among the nine
environmental variables included in the models, elevation was
the most influential for both D. marginatus and D. reticulatus.
While environmental suitability increased with increasing
elevation for D. marginatus, it decreased for D. reticulatus. This
is consistent with the known distribution of D. marginatus at
high elevation locations throughout Europe [reviewed by (37)].
Further important variables were land cover for D. reticulatus
and mean temperature of the driest quarter for D. marginatus.
For D. reticulatus, a greater variation in importance between
the Bioclim variables as compared to D. marginatus was
found, possibly associated with the more generalist life history
of D. reticulatus. Overall, our bioclimatic model predicted
a widespread distribution of environments suitable for D.
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reticulatus in Germany. Predicted probability of environmental
suitability was particularly high in established “hotspot” areas
(10), but was also elevated throughout much of northern
Germany. This reflects the input data, but is also consistent
with the finding of range expansion in Germany reported by
Drehmann et al. (10).

At approximately half of the locations with confirmed
occurrence for each species, multiple ticks were found. Presence
of more than five ticks suggested population establishment
at ~10% of cases, and findings in multiple years indicated
endemisation at 6.5% of high accuracy location for D. reticulatus
and 2.6% for D. marginatus. Additionally, multiple independent
“medium” accuracy records in close proximity can also be
interpreted as strong evidence of Dermacentor endemisation.
Based on these data, occurrence of D. reticulatus in all federal
states of Germany is confirmed, including the northernmost
state of Schleswig-Holstein. In this federal state, two D.
reticulatus specimens, one male and one female, were found on
two horses from the same stable. The horse owners confirmed
that the horses had no travel history to any other federal state,
although they had visited the North Sea coast seven days earlier.
However, as both ticks were unengorged it is very unlikely
that they were acquired 7 days before they were discovered.
Furthermore, several additional D. reticulatus specimens were
found on dogs in this federal state, e.g., fifty ticks on a
single dog after a hunting expedition, and sporadic findings
on the tourist destination islands of Sylt and Fohr. This is not
surprising, as this tick species has already been detected by
flagging the vegetation in climatically similar coastal areas of The
Netherlands (53) and at the Baltic coast in the federal state of
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Mecklenburg-Western Pomerania (54), as well as on a migrating
golden jackal in Denmark (55). With regard to the observed
clusters of D. reticulatus near the cities Hannover and Stuttgart,
these are probably due to increased media coverage and citizen
participation in proximity to the involved research institutions,
as already proposed by Drehmann et al. (10). Nevertheless, D.
reticulatus endemisation has been proven at several locations
near Hanover by flagging ticks from the vegetation in several
consecutive years.

In contrast to D. reticulatus, a comparable spread of D.
marginatus is not evident. D. marginatus generally has a
more southern distribution than D. reticulatus, probably due
to temperature requirements (52), which is underlined by
the fact that D. marginatus occurs primarily in traditional
vine cultivation regions of Germany. Hence, the land cover
type “vineyards” was among the variables associated with
high probability of D. marginatus occurrence in the species
distribution model. However, multiple “high” accuracy findings
near Cologne in North-Rhine Westphalia confirm the previously
reported expansion to the northwest of the formerly recognized
range (10). Occurrence of D. marginatus in that area has
also been acknowledged in other studies (46). A bioclimatic
model, developed using data dating back to the 1970s, suggested
a potential D. marginatus distribution extending well into
northern Germany, with some southern areas of Lower Saxony
and Saxony-Anhalt identified as potentially suitable habitat (52).
Therefore, the risk of establishment of viable D. marginatus
populations in that area is given. Our bioclimatic species
distribution model, developed using a machine learning method
and contemporary records of Dermacentor spp. occurrences
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TABLE 3 Host association or location of collection, respectively, for the subset of Dermacentor ticks for which this information was available.

Host/location D. reticulatus (N = 1,960)

Human 183 (9.3%)

Domestic animals

Dog 1,311 (66.9%)
Cat 7 (0.4%)
Horse 144 (7.3%)
Cattle 4(0.2%)
Goat 0 (0.0%)
Sheep 0 (0.0%)
Guinea pig 1(0.1%)
Wwildlife

Fox 1(0.1%)
Cervids 2(0.1%)
Mouflon 14 (0.7%)
Wild boar 4(0.2%)
Bird 1(0.1%)
Off-host

Animal facility (stable/kennel) 2(0.1%)
Car 3(0.2%)
Garden 7 (0.4%)
Indoors 165 (8.4%)
Outdoors 102 (5.2%)
Textiles 9(0.5%)

from this study and Drehmann et al. (10), replicated this,
but also predicted a wider distribution of environments
suitable for D. marginatus, extending into Bavaria and North
Rhine-Westphalia. This wider predicted geographic range of
environmental suitability included the town of Herne (7.24°
E/51.53° N), where a “medium” accuracy record was noted,
although 51° N is currently considered the northern distribution
limit in Western and Central Europe (10, 46). As only one
tick was found on a dog at that location, occurrence of D.
marginatus in that area needs to be confirmed by further
studies. Furthermore, a single D. marginatus specimen was
found in Mecklenburg-Western Pomerania in the northeast
of Germany, at a distance of several hundred kilometers
northwards from all other findings. The model did not
predict suitable environmental conditions at the location of
the record from Mecklenburg-Western Pomerania. However,
it is plausible that this tick may have been imported into
the area and that this is not representative of an established
population. Although the senders reported that the tick was
found on a cat without any travel history, the tick may
have been transported on another animal or even within a
vehicle. For example, another tick sender indicated that he
first observed Dermacentor ticks within a shipment of hay
obtained from a different federal state, before the ticks were
repeatedly noticed in the area a year later. This illustrates the
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D. marginatus (N = 621) Dermacentor spp. (N = 15)

182 (29.3%) 3(20.0%)
41 (6.6%) 8 (53.3%)
2(0.3%) 0 (0.0%)
95 (15.3%) 0 (0.0%)
28 (4.5%) 0 (0.0%)
72 (11.6%) 0 (0.0%)
2(0.3%) 0 (0.0%)
0 (0.0%) 0 (0.0%)
0 (0.0%) 0 (0.0%)
1(0.2%) 0 (0.0%)
0 (0.0%) 0 (0.0%)
3(0.5%) 0 (0.0%)
0 (0.0%) 0 (0.0%)
0 (0.0%) 0 (0.0%)
7 (1.1%) 0 (0.0%)
13 (2.1%) 1(6.7%)
78 (12.6%) 3(20.0%)
87 (14.0%) 0 (0.0%)
10 (1.6%) 0 (0.0%)

danger and routes of tick introduction into previously non-
endemic areas.

It should be noted that the bioclimatic species distribution
models reported here predict the potential range of both
Dermacentor spp. given the relationships between the
environment and the occurrence records used as model
input. The realized range of a species depends on a number of
additional factors, including translocation and host availability,
for example. In addition, the predicted distributions may be
subject to change when additional data become available—this
is evident when comparing the results presented here with the
model developed by Walter et al. (52). This is especially the
case when modeling species invasions, such as D. reticulatus,
whereby species distribution models may underpredict the
potential range of the species [reviewed by (21)]. However, the
species distribution models developed here are valuable tools
for targeting future scientific studies, veterinary surveillance,
and educating the public in areas of potentially elevated risk. It
is recommended that these models are updated periodically to
capture potential future changes to these species distributions
(56), and as more contemporary data become available.

The temporal course of the citizens’ tick collections confirm
the bimodal activity pattern of both tick species (38, 57, 58).
In contrast to the year 2019, when most of the received
D. reticulatus specimens were collected in September (10),
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collection of this species was more evenly spread between the
months of September, October and November 2020, which
may be due to year-to-year variation of climatic conditions.
In 2020, the month of November was particularly warm with
an average temperature of 6.0°C, compared to 5.2°C in 2019
(59). However, it should be kept in mind that the temporal
course of the collections may have also been influenced by media
attention or human behavior. For example, warm temperatures
in November 2020 may have resulted in more outdoor activity
than in the previous year, and thus increased chances of
encountering ticks. In contrast to D. marginatus, D. reticulatus
was collected throughout the winter months (December to
February), confirming winter activity of this tick species.
The seasonal pattern of D. reticulatus activity in Germany is
paralleled by the occurrence of autochthonous canine babesiosis
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cases, which have become particularly frequent as of 2019 (12,
13), emphasizing the need of year-round tick-protection.

The recorded host association of both species confirms
the previously reported pattern, with D. reticulatus mainly
occurring on dogs and D. marginatus mainly on hoofed animals
(10). The fact that only few specimens were found on wildlife
can be attributed to the citizen science study design, with a
relatively low participation of hunters. Interestingly, a larger
percentage of both species was found on the human body
than in the previous collection period (D. reticulatus: 9.34
vs. 4.4%; D. marginatus: 29.3 vs. 12.6%) (10). Nevertheless,
the proportion of actual tick bites among the specimens
encountered on humans remained comparable with the previous
report (D. reticulatus: 8.2 vs. 7.7%; D. marginatus: 13.6 vs.
11.2%) (10). The reason for the increased reports of human
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pseudoabsence data.

Longitude

Mean (top row) and standard deviation (bottom row) of 10 Maxent model replicates for D. reticulatus (left column) and D. marginatus (right
column). Model predictions represent the predicted environmental suitability for each species, whereby 0 indicates low potential environmental
suitability and 1 indicates a high potential environmental suitability. The threshold probability which maximized sensitivity and specificity was
0.46 (0.11S.D.) for D. reticulatus and 0.24 (0.06) for D. marginatus. Each replicate was run using a random 70% subset of the occurrence and

Dermacentor exposure remain unclear, but it is possible that
mostly pet or livestock owners participated in the first year
of the study, while continuing media coverage including a
highly publicized press release on the range expansion of
Dermacentor ticks following the publication of Drehmann
et al. (10) may have raised attention for the subject of
ticks, tick-borne diseases and the citizen science project
also among non-animal owners and subsequently increased
their participation.

Human exposure to D. reticulatus is primarily concerning
in light of its vector potential for TBEV. The northern and
eastern spread of TBEV in Germany, with more and more
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districts being declared risk areas (60) as well as further
transmission foci detected outside of known risk areas, may thus
be linked to the spread of D. reticulatus (61, 62). Particularly
the recently declared TBEV risk areas in the federal states
of Brandenburg and Saxony in eastern Germany (60), near
the Polish and Czech borders, were characterized by many D.
reticulatus records. Expansion of D. reticulatus in both of these
neighboring countries has been reported (4, 6) and both of them
are endemic for TBE. In fact, the Czech Republic has one of the
highest incidences in Europe (63). Thus, cross-border transport
of ticks, e.g., by migrating wildlife, might drive TBE emergence
in eastern Germany.
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Conclusions

In summary, the present data verify the country-wide
occurrence of D. reticulatus in Germany, including the Free
and Hanseatic City of Hamburg, from which no Dermacentor
ticks had been received previously (10). Furthermore, the
northward shift of the distribution limit of D. marginatus was
confirmed by citizen contributions of tick occurrences, and
predictive models of environmental suitability. In addition,
predictive modeling suggests a wider distribution of suitable
environments than are currently occupied by Dermacentor
ticks, ie., a continuing risk of range expansion. Future
work should include sampling vegetation to investigate tick
endemisation at several locations, especially regarding D.
reticulatus in the northernmost state of Schleswig-Holstein
and regarding the D. marginatus findings in the northern
part of North-Rhine Westphalia and in Mecklenburg Western-
Pomerania. Further studies on increasing endemisation of
Babesia canis, e.g., by pathogen screening in Dermacentor ticks,
are highly desirable, as are studies to unravel the role of D.
reticulatus as a driver of TBEV spread in Germany. Given
the currently reported increasing numbers of autochthonous
canine babesiosis cases (12, 13) in conjunction with the
nationwide D. reticulatus occurrence and its activity during
winter or the colder months, which complements that of Ixodes
ricinus, a year-round tick protection of especially dogs all over
Germany is strongly recommended. Furthermore, dogs entering
Germany should be screened for B. canis infection to prevent
establishment of further transmission foci due to importation of
the pathogen.
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