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Wild ungulate species differ in their 
contribution to the transmission of Ixodes 
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Abstract 

Background: Several ungulate species are feeding and propagation hosts for the tick Ixodes ricinus as well as hosts 
to a wide range of zoonotic pathogens. Here, we focus on Anaplasma phagocytophilum and Borrelia burgdorferi (s.l.), 
two important pathogens for which ungulates are amplifying and dilution hosts, respectively. Ungulate management 
is one of the main tools to mitigate human health risks associated with these tick-borne pathogens. Across Europe, 
different species of ungulates are expanding their ranges and increasing in numbers. It is currently unclear if and how 
the relative contribution to the life-cycle of I. ricinus and the transmission cycles of tick-borne pathogens differ among 
these species. In this study, we aimed to identify these relative contributions for five European ungulate species.

Methods: We quantified the tick load and collected ticks and spleen samples from hunted fallow deer (Dama dama, 
n = 131), moose (Alces alces, n = 15), red deer (Cervus elaphus, n = 61), roe deer (Capreolus capreolus, n = 30) and wild 
boar (Sus scrofa, n = 87) in south-central Sweden. We investigated the presence of tick-borne pathogens in ticks and 
spleen samples using real-time PCR. We determined if ungulate species differed in tick load (prevalence and intensity) 
and in infection prevalence in their tissue as well as in the ticks feeding on them.

Results: Wild boar hosted fewer adult female ticks than any of the deer species, indicating that deer are more impor-
tant as propagation hosts. Among the deer species, moose had the lowest number of female ticks, while there was 
no difference among the other deer species. Given the low number of infected nymphs, the relative contribution of 
all ungulate species to the transmission of B. burgdorferi (s.l.) was low. Fallow deer, red deer and roe deer contributed 
more to the transmission of A. phagocytophilum than wild boar.

Conclusions: The ungulate species clearly differed in their role as a propagation host and in the transmission of B. 
burgdorferi and A. phagocytophilum. This study provides crucial information for ungulate management as a tool to 
mitigate zoonotic disease risk and argues for adapting management approaches to the local ungulate species com-
position and the pathogen(s) of concern.
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Background
Wild ungulates are common across Europe, and sev-
eral ungulate species have increased their densities and 
expanded their ranges during the last decades [1–3]. 
These changes can be attributed to improved protection, 
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the absence of large carnivores in certain areas, food sub-
sidies due to new agricultural and forestry practices and 
less severe winters [2, 4, 5]. As a result, many areas in 
Europe currently host a higher diversity of ungulate spe-
cies than during the recent past [6]. This increase of wild 
ungulates has allowed their ectoparasites, such as the tick 
species Ixodes ricinus, to increase in densities and expand 
their ranges [7], leading to an increase in the prevalence 
of tick-borne zoonotic pathogens, such as Anaplasma 
phagocytophilum and Borrelia burgdorferi (s.l.). Ungu-
lates play a central role in the life-cycle of I. ricinus as 
feeding hosts, but most importantly as propagation hosts 
[8]. However, it is poorly understood if and how ungulate 
species differ in terms of their relative contribution to the 
tick life-cycle and to the transmission of tick-borne path-
ogens. Although several studies have looked at the role 
of ungulates in tick-borne pathogen transmission, only a 
few of these studied multiple ungulate species simulta-
neously (e.g. [9–13]). Furthermore, data on certain com-
mon ungulate species, particularly wild boar and fallow 
deer, are currently still scarce [8].

There are several ways in which an ungulate can con-
tribute to the abundance of infected ticks. Two main 
pathways are: (i) a tick becomes infected while feed-
ing on an ungulate and (ii) an infected tick feeds on an 
ungulate (regardless of infection status) and detaches 
fully engorged and still infected. Ungulates also influ-
ence the local abundance of infected ticks through their 
movement, since they might spread the infected ticks 
to other areas. Aspects that are relevant for pathogen 
transmission from an infected ungulate to an unin-
fected tick include the presence of the pathogen in the 
ungulate, the reservoir competence of the ungulate and 
the transmission rate of the pathogen from the ungu-
late to the tick. Ungulates are considered competent 
hosts for A. phagocytophilum, and all European ungu-
late species can become infected with the pathogen, as 
has been shown in several studies (reviewed in [14]). 
However, it is unclear if these species differ in terms of 
their role in the transmission of A. phagocytophilum. 
Ungulates are not considered to be competent hosts for 
B. burgdorferi (s.l.), and it is therefore unlikely that they 

can transmit this pathogen to ticks [8]. Indeed, it has 
been proposed that ungulates can have a negative (bor-
reliacidal) effect on the presence of B. burgdorferi (s.l.) 
in ticks [9], although the potential impact of this bor-
reliacidal effect remains unclear.

Common and widespread European ungulate species 
include roe deer (Capreolus capreolus), wild boar (Sus 
scrofa), red deer (Cervus elaphus) and fallow deer (Dama 
dama) [6]; in northern Europe, the moose (Alces alces) is 
also widespread and abundant. These species have differ-
ent morphological and behavioral traits (Table 1), which 
may influence the likelihood of an ungulate encounter-
ing a tick, a tick attaching to an ungulate or an engorged 
(and infected) tick detaching. For example, variation in 
leg length among ungulate species may affect the likeli-
hood of attachment by ticks because leg length influences 
the distance that an adult tick has to travel to preferred 
feeding sites, such as the axilla and groin [9, 15], and 
variation in hair structure and skin thickness will likely 
influence the potential for ticks to penetrate the skin and 
find a blood meal. Ungulate feeding behavior may also 
be important in this context since it will be easier for 
nymphs and larvae to attach to the ears of species that 
predominately feed in the field layer, such as fallow deer, 
than to the ears of species that browse higher up, such 
as moose [9, 15]. In terms of social behavior, grooming 
behavior and wallowing influence the ability of a tick to 
fully complete its blood meal, and herd size may influ-
ence the likelihood of encountering a tick.

In this study, performed in south-central Sweden, we 
collected ticks and spleen samples from five common and 
sympatric European ungulate species, with the aim to 
determine tick burdens and the prevalence of A. phago-
cytophilum and B. burgdorferi (s.l.). Based on variation 
in the aforementioned traits (Table  1), we hypothesized 
that the ungulate species would differ in their relative 
contribution as propagation host as well as their role in 
the transmission of A. phagocytophilum and B. burgdor-
feri (s.l.). We also present the infection prevalence of A. 
phagocytophilum, B. burgdorferi (s.l.), Borrelia miyamotoi 
and Babesia spp. for the five ungulate species, the infec-
tion prevalence of these pathogens in engorged ticks 

Table 1 Several traits of five ungulate species

Trait Fallow deer Moose Red deer Roe deer Wild boar References

Body mass (kg) 57 462 240 23 84 [16]

Home range  (km2) 0.7 71.8 54.8 0.5 1.2 [16]

Diet Grass, fruits and seeds Trees, shrubs Trees, shrubs, forbs, grass Trees, shrubs, crops Fruits and seeds, grass, 
crops

[17]

Social structure Gregarious (big groups) Solitary Gregarious (small groups) Small family groups Gregarious (big groups)
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collected from the ungulates and the infection prevalence 
in questing nymphs and adults.

Methods
Sample collection
We opportunistically collected ticks and spleen sam-
ples from ungulates shot by hunters on hunting estates 
in three counties in south-central Sweden: Söderman-
land, the southernmost part of Stockholm county and 
the western part of Östergötland (Additional file  1: Fig-
ure S1). We selected these areas as they host the most 
diverse and abundant ungulate populations in Sweden 
and fall within Sweden’s climatic zone where ticks can be 
abundant [7, 18, 19]. The local habitat is characterized by 
forests dominated by Scots pine (Pinus sylvestris), Nor-
way spruce (Picea abies), birch (Betula spp.) and Euro-
pean oak (Quercus robur), interspersed with agricultural 
lands with diverse crops [18]. We sampled a total of 324 
ungulates: 131 fallow deer, 15 moose, 61 red deer, 30 roe 
deer and 87 wild boars during October 2018 and October 
and November 2019. However, not all individuals were 
sampled for both spleen and ticks (see Additional file 1: 
Table S1 for a detailed overview).

Hunters gutted each ungulate almost directly after 
they shot it and, if possible, gave us a part of the spleen. 
We sampled spleens from the ungulates (in contrast to, 
for example, sampling blood) since the spleen was easy 
to collect by the hunters involved in our study and since 
spleens allow for the detection of multiple tick-borne 
pathogens simultaneously [11, 20, 21]. Of the 305 ani-
mals from which we collected ticks, 182 were checked 
immediately after gutting; the other 123 animals were 
stored in cooling chambers (2–6  °C) after gutting and 
checked 1–6 days after they were shot. Ticks that fell off 
during this period were not collected. To correct for this, 
we included the number of days, from the moment the 
animals were shot until the moment the animals were 
checked for ticks, in the statistical analysis. We counted 
the number of ticks separately for eight different body 
parts (Fig. 1; adjusted from Kiffner et al. [15]). We used 
forceps to remove all counted ticks and recorded tick life 
stage and sex, from which part of the body it was col-
lected and whether it was attached, walking or attached 
to a female (the latter only for males). Furthermore, we 
recorded the sex and age of the ungulate, and the estate 
where the animal was shot. We kept all ticks from the 
same ungulate individual in two sampling tubes with 
70% ethanol (one for feeding and one for non-feeding 
ticks) and stored these at −  20  °C until analysis in the 
laboratory. Ticks were morphologically identified to 
species level using morphological keys as described in 
[22, 23], and all were determined to be I. ricinus. This 

was confirmed microscopically for approximately 30% 
(n = 994) of the ticks.

In addition to the ticks collected directly from the ani-
mals, we also collected questing nymphs (n = 881) and 
adults (n = 84) by dragging a 1-m2 white cotton cloth 
over the vegetation in the same areas as where the ungu-
lates were shot. The questing ticks also included ticks 
found on researchers during dragging (n = 54). We col-
lected the questing ticks in September 2018 and May–
August 2019, similar to the period our sampled ungulates 
were shot. We counted these questing ticks separately 
for each life stage and sex (nymphs, males and females) 
and morphologically identified them to species following 
[22, 23]. Again, we confirmed our initial morphological 
determination microscopically for 30% of the individuals 
(n = 291). Of the questing ticks, one male was identified 
as Haemaphysalis punctata, while all others were identi-
fied as I. ricinus. Sex was not recorded for the adults col-
lected in 2018. We stored the questing ticks individually 
in 8-strip Eppendorf tubes® (Eppendorf AG, Hamburg, 
Germany) at − 20 °C.

DNA extraction and pathogen detection
DNA was extracted from unengorged and questing 
ticks with ammonium hydroxide as described in [24], 
and DNA was extracted from engorged ticks and spleen 
samples using the Qiagen DNeasy Blood & Tissue Kit 
according to the manufacturer’s protocol (Qiagen, 
Hilden, Germany). We stored the lysates at 4  °C until 
further analysis. For pathogen detection we used mul-
tiplex real-time PCRs on various targeting genes for A. 

Ears
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Fig. 1 Illustration of the tick collection sites on roe deer. For the other 
four ungulate species, we used the same tick collection sites (see 
Additional file 1: Table S2). Figure is adapted from Kiffner et al. [15]. 
Silhouette by Sander Vink
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phagocytophilum [25], B. burgdorferi (s.l.) [26], B. miy-
amotoi [27], Babesia microti [28] and Babesia-clade X 
[29]. We followed a qPCR protocol as described in [28]. 
We amplified all A. phagocytophilum-positive spleen 
samples and 58 of the ticks collected from ungulates that 
were positive for A. phagocytophilum by conventional 
PCR followed by sequencing to identify an ecotype [25]. 
Of the ticks collected from ungulates that were positive 
for B. burgdorferi (s.l.), we amplified 198 by conventional 
PCR followed by sequencing to identify the genotype 
[26]. We did the same for all Babesia-positive spleen 
samples and 64 of the ticks collected from ungulates that 
were positive for Babesia spp. [30]. We could not amplify 
and sequence all positive ticks due to practical con-
straints, but previous work has indicated that these sam-
ple sizes are representative of the whole population [8]. 
Furthermore, we did not amplify and type material from 
any positive questing ticks. 

Using body parts as proxy for the whole animal to increase 
sample sizes
Some of the carcasses were not complete at the moment 
of tick collection (Additional file  1: Table  S1) due to 
actions by the hunters. We assessed how the number of 
ticks on certain body parts correlated with the number 
of ticks found on the whole animal. For this, we included 
261 animals for which we checked the complete body 
for ticks. Of the total number of feeding ticks found on 

these animals (52 larvae, 1233 nymphs and 966 females), 
all larvae and > 90% of the nymphs were on the ears, 
while we found > 90% of the females on the axilla and 
groin combined (Additional file 1: Table S2). As a result, 
there was a strong linear correlation between the num-
ber of nymphs found on the whole body versus on the 
ears (R2

adj = 0.999, P < 0.001), and between the number of 
females found on the whole body versus on the axilla and 
groin combined (R2

adj = 0.987, P < 0.001). Consequently, 
in our further analyses, we used the larval and nymphal 
infestation on the ears as proxies for the total larval and 
nymphal infestation, respectively, and the female infesta-
tion on the groin and axilla combined as a proxy for the 
total female infestation. This allowed us to increase the 
sample sizes for our statistical analyses. For the non-feed-
ing male infestation, we only used the ungulate individu-
als for which we had a full body count, since the males 
were not attached to their host and therefore not bound 
to a specific body part.

Contribution of ungulate species as a propagation host
We determined the contribution of each ungulate species 
as a propagation host by determining the tick burden and 
the infestation prevalence for female ticks and the infes-
tation prevalence for non-feeding male ticks (depicted by 
the orange lines in Fig. 2). We calculated the tick burden 
of female ticks using:

Fig. 2 Theoretical framework on how Ixodes ricinus can feed on ungulates and become infected. The arrows from questing ticks to ungulates show 
the attachment routes, and the arrows from ungulates to engorged ticks show detachment routes. Red ticks are infected ticks, either for Anaplasma 
phagocytophilum or for Borrelia burgdorferi (s.l.). The engorged females are not divided into infected and uninfected, since we assume that there is 
no vertical transmission and thus the infection status of an engorged female is irrelevant. The green arrows are the detachment routes of infected 
larvae and nymphs and show the role of the ungulate species in the transmission of either A. phagocytophilum or B. burgdorferi (s.l.). The orange 
arrows are the detachment routes of engorged females and show the role of the ungulate species as propagation host. Green boxes show the 
infection prevalence of engorged ticks, while blue boxes show the infection prevalence in questing ticks. Silhouettes of ungulates by Sander Vink
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where TFi
 is the female tick burden on host species i , PFi is 

the infestation prevalence of females in host species iand 
IFi is the infestation intensity of females in host species 
i . Following Kahl et al. [31] we defined the mean infesta-
tion prevalence as the proportion of hosts with feeding 
ticks on the body parts described above, and the mean 
infestation intensity as the number of ticks feeding on 
those body parts, for those hosts that had feeding ticks. 
For both parameters, we estimated a 95% bootstrapped, 
bias-corrected, confidence interval (BCa-CI). To calcu-
late the female tick burden, we used the predicted values 
from the models for the infestation prevalence and inten-
sity of females, which were obtained as described below. 
To assess differences among the ungulate species in the 
female tick burden, we compared the 84% bootstrapped, 
bias-corrected confidence intervals with each other to 
obtain a significance with an alpha value of 0.05, as sug-
gested by Payton et al. [32].

To obtain predicted values and to test for possible dif-
ferences among ungulates in the infestation prevalence 
of females and non-feeding males and the infestation 
intensity of females, we used hierarchical GLMMs that 
included, as fixed effects, ungulate species, ungulate sex 
(female or male), ungulate age group (adult or young) 
and the number of days between the day the animal was 
shot and when it was checked for ticks. For the models 
of infestation prevalence we also included the month of 
collection (October 2018, October or November 2019) 
as a fixed effect and a random effect for each hunt-
ing estate where the animal was shot  (see Additional 
file 2 for these variables). For the models of infestation 
intensity, we excluded ungulate species with less than 
ten individuals infested, since the sample size would be 
too small. We included a combined random effect for 
each combination of month of collection and hunting 
estate due to unbalanced numbers of infested ungulates 
on the estates over the seasons. We split the hierarchi-
cal GLMM by first modeling the infestation prevalence 
using a GLMM with a binomial distribution. Then, we 
modeled the infestation intensity, using a GLMM with a 
zero-truncated negative binomial distribution on a sub-
set of animals on which we found the female tick stage 
[33]. We fitted GLMMs using the glmmTMB pack-
age [34]. We performed model selection, starting with 
the full models with all above-described parameters as 
additive effects (i.e. no interactions) using the dredge 
function in the MuMIn-package. We selected the best 
fitting models based on the principle of Occam’s razor; 
i.e. from all models with differences in Akaike’s infor-
mation criterion (ΔAIC) < 4, we selected the models 
with the fewest variables [35].

(1)TFi
= PFi · IFi

Contribution of ungulate species to the transmission 
of Anaplasma phagocytophilum and Borrelia burgdorferi 
(s.l.)
We determined the contribution of a host to the trans-
mission of A. phagocytophilum and B. burgdorferi (s.l.) by 
quantifying the infection intensity of engorged larvae and 
nymphs on each ungulate species (depicted by the green 
lines in Fig. 2). We defined the infection intensity as the 
mean number of infected ticks found on an individual of 
each species during the tick-questing period, which is the 
time when the temperature is above 7  °C, roughly from 
May until October in our study area [36]. We focused on 
larvae and nymphs because they molt into infected ticks 
of the next stage and can ultimately infect another ani-
mal or human. We excluded engorged females because 
they do not produce any infected offspring for either 
A. phagocytophilum or B. burgdorferi (s.l.) [37–39]. The 
infection intensity was calculated as:

where nALi is the A. phagocytophilum infection intensity 
of engorged larvae from host species i , PLi is the infes-
tation prevalence of larvae from host species i , ILi is the 
infestation intensity of larvae from host species i and SLAi

 
is the A. phagocytophilum infection prevalence in larvae 
from host species i . The B. burgdorferi (s.l.) infection 
intensity of engorged larvae ( nBLi ), the A. phagocytophi-
lum infection intensity of engorged nymphs ( nANi

 ) and 
the B. burgdorferi (s.l.) infection intensity of engorged 
nymphs ( nBNi

 ) from host species i can be calculated by 
substituting A by B and/or L by N  . We defined the infec-
tion prevalence as the proportion of infected ticks among 
all ticks collected from ungulates, for each tick-borne 
pathogen, ungulate host species and tick stage. We again 
estimated the 95% BCa-CIs for all parameters. To cal-
culate the A. phagocytophilum and B. burgdorferi (s.l.) 
infection intensity of engorged nymphs, we used the pre-
dicted values from the models for infestation prevalence 
and intensity of nymphs and for the A. phagocytophilum 
and B. burgdorferi (s.l.) infection prevalence, which were 
obtained as described below. To assess differences among 
the ungulate species in the infection intensity of engorged 
larvae and nymphs, we compared the 84% bootstrapped, 
bias-corrected, confidence intervals with each other to 
obtain a significance with an alpha value of 0.05 [32].

We performed a Šidák-adjusted Dunn-test to establish 
if there were any differences in the prevalence of larval 
infestation, the intensity of larval infestation and the 
infection prevalence in engorged larvae among the ungu-
late species. We used this approach because of the small 
larval sample sizes (Additional file  1: Table  S2). To test 
for possible differences in the infestation prevalence and 
intensity of nymphs among the ungulate species, we used 

(2)nALi = PLi · ILi · SLAi
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hierarchical GLMMs, with the same model structure as 
described for females and non-feeding males. To test for 
an effect of ungulate species on the infection prevalence 
in engorged nymphs, we also used a GLMM with a bino-
mial distribution. We included the same fixed effects as 
in the GLMM of the infestation intensity, however we 
excluded the number of days between the day the animal 
was shot and when it was checked for ticks, since this 
does not affect the infection status of a tick. We excluded 
ungulate species with less than ten nymphs tested, since 
the sample size would be too small. We included a ran-
dom effect for each host nested within each combination 
of year of collection (2018 or 2019) and hunting estate.

Pathogen transmission from ungulate host to ticks
To estimate the extent to which ungulate species can 
infect ticks that feed on them, we compared the infection 
prevalence of feeding nymphs, feeding females and non-
feeding males with the infection prevalence of questing 
nymphs and questing adults, respectively, with the Šidák-
adjusted Dunn-test, for A. phagocytophilum, B. burgdor-
feri (s.l.), B. miyamotoi and Babesia spp. We established 
that there was a difference between the ticks on animals 
and the questing ticks if the P-value was lower than half 
the alpha value of 0.05.

We performed all analyses in R version 3.6.0 [40] and 
used an alpha value of 0.05.

Results
The contribution of ungulates as propagation hosts 
to and the transmission of Anaplasma phagocytophi-
lum and Borrelia burgdorferi (s.l.) varied among species 
(Fig. 3). We describe the results for the different pathways 
in detail in the following sections.

Contribution of ungulate species as propagation hosts
Of the 261 ungulates of which the whole carcass was 
checked for ticks, 119 animals were infested with 515 
non-feeding males in total (Additional file  1: Table  S3). 
Based on the selected model (Additional file 1: Table S4), 
moose had the highest infestation prevalence of non-
feeding males, and red deer the second highest. Wild 
boar had the lowest infestation prevalence of non-feed-
ing males, and fallow deer the second lowest, while roe 
deer did not differ from either red deer or fallow deer 
(Table 2). We included 300 ungulates that were checked 
for female ticks on at least both groins and both axillae, 
where 192 animals were infested with 1179 females in 
total on the groin and axilla (Additional file 1: Table S3). 
Based on the selected models (Additional file 1: Table S5), 
all four deer species had a higher infestation preva-
lence of females than wild boar, and there was no differ-
ence among the deer species in terms of the infestation 

intensity of females (Table 2). For the model for infesta-
tion intensity of females, we excluded wild boar since 
only five of 82 individuals were infested with females on 
the groin and axilla (Additional file  1: Table  S3). There 
was no difference in the female tick burden among the 
deer species (Table 2; Additional file 1: Figure S2), while a 
female tick burden for wild boar could not be calculated.

Infection prevalence of tick‑borne pathogens in ungulates
None of the investigated spleen samples from 64 fal-
low deer, eight moose, 28 red deer, seven roe deer and 
34 wild boars were positive for B. burgdorferi (s.l.) or B. 
miyamotoi. Anaplasma phagocytophilum was found in 
all ungulate species, although the prevalence was lower 
in wild boar (Table 3). We determined the ecotype of A. 
phagocytophilum through sequencing of 43 fallow deer, 
two moose, 20 red deer, seven roe deer and seven wild 
boars: ecotype 2 was found in all roe deer, while all the 
other ungulate species harbored ecotype 1. None of the 
ungulates tested positive for B. microti. Babesia (s.s.) was 
found in the deer species, but not in wild boar (Table 3). 
The Babesia spp. was determined through sequencing of 
five fallow deer, three moose, 16 red deer and seven roe 
deer samples: B. capreoli was found in fallow deer and 
roe deer, B. divergens in fallow deer, red deer and roe 
deer, B. odocoilei-EU in fallow deer, moose and red deer 
and B. venatorum in red deer and roe deer (Table 3).

Infection prevalence of tick‑borne pathogens in questing 
ticks
We tested 811 questing I. ricinus nymphs and 84 adults 
for the presence of tick-borne pathogens. All investigated 
pathogens were present in the questing I. ricinus nymphs 
and adults at low prevalence rates (< 5%), except for B. 
burgdorferi (s.l.) and A. phagocytophilum, both of which 
occurred at higher prevalence rates (Table 4). The Haem-
aphysalis punctata male was negative for all investigated 
pathogens and was excluded from further analyses.

Contribution of ungulate species to the transmission 
of Anaplasma phagocytophilum and Borrelia burgdorferi 
(s.l.) through larvae
We included 285 ungulates that were checked for larvae 
and nymphs on at least both ears in the analyses. We 
found 24 animals that were infested with 59 larvae in total 
on the ears (Additional file 1: Table S3). A Šidák-adjusted 
Dunn-test showed that infestation prevalence of larvae 
differed between fallow deer and red deer (P = 0.011) and 
between fallow deer and wild boar (P < 0.001) (Table 2). 
The infestation intensity of larvae did not differ among 
the ungulate species (Kruskal–Wallis χ2 = 0.55; P = 0.76) 
(Table 2).
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We tested 56 feeding larvae for the presence of tick-
borne pathogens. Of these, 77% were positive for A. 
phagocytophilum and 5% for B. burgdorferi (s.l.) (Addi-
tional file 1: Table S6). Sequencing showed that B. afzelli, 
B. burgdorferi sensu stricto, B. garinii and B. valaisiana 
were present among the ticks (Additional file 1: Table S8). 
A Šidák-adjusted Dunn-test showed that there was a dif-
ference in A. phagocytophilum infection prevalence in 
feeding larvae from red deer and roe deer (p = 0.015) 
(Table 2). We found no difference in B. burgdorferi (s.l.) 

infection prevalence in feeding larvae among the ungu-
late species (Kruskal–Wallis test: χ2 = 2.38; P = 0.49) 
(Table 2).

The A. phagocytophilum infection intensity of 
engorged larvae, calculated with Eq.  2, was the high-
est for fallow deer and the lowest for moose, roe deer 
and wild boar, while red deer did not differ from any 
of the other ungulate species (Table 2; Additional file 1: 
Figure S3). The B. burgdorferi (s.l.) infection intensity of 
engorged larvae did not differ among the ungulate spe-
cies (Table 2; Additional file 1: Figure S3).

Fig. 3 Illustration of the transmission of Anaplasma phagocytophilum and Borrelia burgdorferi (s.l.) by ungulate species. The arrows from questing 
ticks to ungulates show the attachment routes and the arrows from ungulates to engorged ticks show detachment routes. The thickness of the 
arrows represents the proportion of ticks attaching or detaching, and the size of the boxes represents the proportion of that tick stage, based on 
data from Table 2. Red ticks represent infected ticks. The engorged females are not divided into infected and uninfected, since we assume that there 
is no vertical transmission and thus the infection status of an engorged female is irrelevant. The green arrows and green ungulates show the role 
of the ungulate species in the transmission of either A. phagocytophilum or B. burgdorferi (s.l.), and the orange arrows and orange ungulates show 
the role of the ungulate species as propagation host. Light-green coloration of ungulate means that the role of this ungulate in the transmission of 
either A. phagocytophilum or B. burgdorferi (s.l.) is unknown. Silhouettes of ungulates by Sander Vink
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Contribution of ungulate species to the transmission 
of Anaplasma phagocytophilum and Borrelia burgdorferi 
(s.l.) through nymphs
Of the 285 checked individuals, we found 137 animals 
infested with 1308 nymphs in total on the ears (Addi-
tional file  1: Table  S3). The selected models (Additional 
file 1: Table S7) suggested that fallow deer and roe deer 
had a higher infestation prevalence with nymphs than 
moose, red deer and wild boar. Of these latter three spe-
cies, red deer had the highest infestation prevalence with 
nymphs and wild boar the lowest, while moose did not 
differ from red deer and wild boar (Table 2). Infestation 
intensity with nymphs did not differ among fallow deer, 
red deer and roe deer (Table 2). We excluded moose and 
wild boar for this parameter because of low sample sizes 
(Additional file 1: Table S3).

We tested 1309 feeding nymphs for the presence of 
tick-borne pathogens. Of these, 84% were positive for A. 
phagocytophilum and 5% for B. burgdorferi (s.l.) (Addi-
tional file  1: Table  S6). In the models for A. phagocyt-
ophilum and B. burgdorferi (s.l.) infection prevalence in 
nymphs, we excluded moose and wild boar since there 
were only five and seven nymphs, respectively, tested 
from these species (Additional file 1: Table S6). Based on 
the selected models (Additional file  1: Tables S9, S10), 
there was no difference among fallow deer, red deer 
and roe deer in terms of the A. phagocytophilum and 
the B. burgdorferi (s.l.) infection prevalence in nymphs 
(Table 2).

We could not calculate the infection intensity for 
moose and wild boar since we did not obtain the infesta-
tion intensity due to a low number of animals infested. 
Among the other ungulate species, we did not find any 
difference in A. phatocyophilum or B. burgdorferi (s.l.) 
infection intensity of engorged nymphs (Table  2, Addi-
tional file 1: Figure S3).

Transmission of Anaplasma phagocytophilum and Borrelia 
burgdorferi (s.l.) from ungulate host to ticks
The A. phagocytophilum infection prevalence was lower 
in questing nymphs than in feeding nymphs from fallow 
deer (P < 0.001), moose (P = 0.005), red deer (P < 0.001) 
and roe deer (P < 0.001), but not for wild boar (P = 0.038). 
The B. burgdorferi (s.l.) infection prevalence was higher 
in questing nymphs than in feeding nymphs from fal-
low deer (P < 0.001), red deer (P = 0.004) and roe deer 
(P < 0.001), but there was no difference for moose 
(P = 0.840) and wild boar (P = 0.703). We tested 1211 
feeding females and 623 non-feeding males derived from 
ungulates for the presence of tick-borne pathogens and 
compared the infection prevalence with the infection 
prevalence in questing adults. Of the feeding females, 
92% were positive for A. phagocytophilum, as were 76% 
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of the males (Additional file  1: Table  S6). The infection 
prevalence in questing adults was lower than that in 
feeding females from all ungulates (P < 0.001) and it was 
lower than the infection prevalence in non-feeding males 
from fallow deer (P < 0.001), moose (P < 0.001), red deer 
(P < 0.001) and roe deer (P < 0.001). There was no differ-
ence in infection prevalence between the questing adults 
and the non-feeding males from wild boar. We found that 
8% of the feeding females and 14% of the non-feeding 
males were positive for B. burgdorferi (s.l.) (Additional 
file 1: Table S6). The infection prevalence was higher in 
questing adults than in feeding females from fallow deer 
(P = 0.023), moose (P = 0.024), red deer (P < 0.001) and 
roe deer (P < 0.001), while there was no difference for 
wild boar (P = 0.807). For all ungulate species there was 
no difference in infection prevalence between the non-
feeding males and questing adults (Kruskal–Wallis test: 
χ2 = 6.75; P = 0.24).

Babesia spp. and Borrelia miyamotoi in ticks collected 
from ungulates
Of the feeding larvae, 4% were positive for Babesia spp., 
as were 5% of the feeding nymphs, 13% of the feeding 
females and 6% of the non-feeding males (Additional 
file  1: Table  S6). Among the positive ticks, we found B. 
microti, B. capreoli, B. venatorum, B. divergens and B. 
odocoilei-EU (Additional file  1: Table  S11). The infec-
tion prevalence of Babesia spp. was higher in feeding 
nymphs than in questing nymphs for red deer (P < 0.001) 
and roe deer (P < 0.001), while there was no difference 
for the other ungulate species. The infection prevalence 
was higher in feeding females than in questing adults for 
red deer (P < 0.001) and roe deer (P = 0.009), but not for 
the other ungulate species. There was no difference in 

infection prevalence between the non-feeding males and 
questing adults for any of the ungulate species (Kruskal–
Wallis test: χ2 = 7.30; P = 0.20) .

Furthermore, we found that 2% of feeding larvae, 2% 
of feeding nymphs, 1% of feeding females and 0.5% of 
non-feeding males were positive for B. miyamotoi (Addi-
tional file 1: Table S6). The infection prevalence of feed-
ing nymphs, feeding females and non-feeding males was 
not different from the infection prevalence of questing 
nymphs and questing adults, respectively (all Kruskal–
Wallis test: Nymphs, χ2 = 5.03; P = 0.41; Females, 
χ2 = 9.11; P = 0.10; Males, χ2 = 3.78; P value = 0.58).

Discussion
In this study we determined the relative contribution of 
different ungulate species as propagation hosts by com-
paring the infestation prevalence of non-feeding males 
and the female tick burden. All deer species we studied 
had a similar female tick burden and infestation preva-
lence of non-feeding males and, thus, played a simi-
lar role as propagation host in the life-cycle of I. ricinus 
(Fig. 3). For wild boar, we could not calculate the female 
tick burden due to a low number of I. ricinus-infested 
individuals despite a relatively high number of sampled 
individuals. Based on this low number, and on the low 
infestation prevalence, we conclude that, in our study, the 
role of wild boar as propagation host is negligible (Fig. 3). 
The contribution of the ungulate species to the trans-
mission of A. phagocytophilum and B. burgdorferi (s.l.) 
was determined by comparing the infection intensity in 
larvae and nymphs. The A. phagocytophilum infection 
intensity in larvae was higher in fallow deer and red deer 
than in the other studied ungulate species. In nymphs, 
it was similar for fallow deer, red deer and roe deer, but 

Table 3 Infection prevalence of tick-borne pathogens in the five studied ungulate species

nP Number of positive animals, IP infection prevalence with 95% CI (95% CI are 95% bootstrapped, bias-corrected CI)
a 42 A. phagocytophilum-positive samples from fallow deer, two from moose, 20 from red deer and seven from wild boar were sequenced; all were ecotype 1
b All A. phagocytophilum-positive samples from roe deer were sequenced; all were ecotype 2
c Eight Babesia spp.-positive samples from fallow deer were sequenced: two B. capreoli, two B. divergens and three B. odocoilei-EU
d Three Babesia spp.-positive samples from moose were sequencend: B. odocoilei-EU
e 16 Babesia spp. positive-samples from red deer were sequenced: six B. divergens, three B. odocoilei-EU, one B. venatorum and six B. divergens and B. venatorum
f All Babesia spp.-positive samples from roe deer were sequenced: three B. capreoli, three B. capreoli and B. venatorum and one B. capreoli, B. divergens and B. venatorum, 
respectively

Ungulate species Anaplasma phagocytophilum Borrelia burgdorferi (s.l.) Borrelia miyamotoi Babesia spp.

nP IP (95% CI) nP IP (95% CI) nP IP (95% CI) nP IP (95% CI)

Fallow deer (n = 65) 63a 0.98 (0.92–1.00) 0 0.00 0 0.00 9c 0.14 (0.06–0.23)

Moose (n = 8) 8a 1.00 0 0.00 0 0.00 5d 0.63 (0.13–0.88)

Red deer (n = 28) 28a 1.00 0 0.00 0 0.00 20e 0.71 (0.46–0.82)

Roe deer (n = 7) 7b 1.00 0 0.00 0 0.00 7f 1.00

Wild boar (n = 34) 24a 0.71 (0.50–0.82) 0 0.00 0 0.00 0 0.00
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could not be determined for wild boar and moose due to 
the low number of individuals infested with nymphs. Due 
to the low infestation prevalence in wild boar, we con-
clude that the role of wild boar in the transmission of A. 
phagocytophilum is negligible compared to that of fallow 
deer, red deer and roe deer (Fig. 3). For moose, we can-
not draw definitive conclusions since the number of sam-
pled moose was too low. The B. burgdorferi (s.l.) infection 
intensity in larvae was similar among all studied ungulate 
species, as well as in nymphs for fallow deer, red deer 
and roe deer. Again, we could not determine the B. burg-
dorferi (s.l.) infection intensity for wild boar and moose. 
However, given the low prevalence rates we can conclude 
that the role of wild boar in B. burgdorferi transmission is 
negligible compared to fallow deer, red deer and roe deer 
(Fig. 3).

The infestation prevalence and intensity varied among 
the ungulate species in our study, but in general we found 
lower numbers than other studies previously conducted 
in Europe [8–10, 41, 42]. Since the questing tick densi-
ties in our area were also lower than in other European 
studies, we believe that the main reason for the lower 
infestation prevalence and intensity might be geographi-
cal. Aspects like climate, vegetation and general mammal 
density might be different in our study area than else-
where in Europe and explain lower tick densities. How-
ever, another reason might be that we sampled ticks from 
hunted animals and were therefore restricted to the hunt-
ing season to obtain abundant ungulate samples. Hunt-
ing season, however, occurs towards the end of the tick 
season, while in other studies sampling occurred either 
during the peak season or throughout the season. The 
fact that we sampled late in the season could therefore 
also partly explain the relatively low infestation preva-
lence and intensity we found. For all ungulate species, 
we found a low larval tick burden, which has also been 
found in other studies in Europe [43–46]. We found the 
majority of nymphs attached to the ears of ungulates, 
while adults were mainly attached to the groin and axilla, 
which is in line with results of previous studies on roe 
deer [9, 15]. The aim of our study was to test if and how 
ungulate species identity matters in terms of the spread 
of tick-borne pathogens—and not to determine the abso-
lute tick burden and infection prevalence of the ungulate 

species. We conclude that ungulate species does indeed 
matter for this part of Sweden and during the late sea-
son. This is an important finding and highlights that we 
should investigate whether the differences among ungu-
late species that we found hold for other areas in Europe 
and/or during other seasons. For example, the differences 
among species that we identified may be even more pro-
nounced earlier in the season, when the density of quest-
ing ticks is higher.

Our findings provide initial support for our suggestion 
that behavioral and morphological traits might drive dif-
ferences in the role of different ungulate species in the 
life-cycle of I. ricinus. The concentration of adult ticks in 
the groin and axilla of all species indicates that, although 
the access points for ticks on different ungulate species 
might differ [47], most adult ticks migrate to the groin 
and axilla, suggesting that host leg length could play a 
larger role in determining the tick burden of ungulates 
than body mass. This may explain why we found a rela-
tively low tick burden on moose, which have particularly 
long legs [48]. Moreover, we found the highest infestation 
prevalence and intensity of nymphs on the ears of fallow 
deer, which supports our hypothesis that feeding type 
influences tick infestation rates, since fallow deer graze 
more than the other deer species [17]. Ticks, which are 
mostly questing on ground vegetation, will more easily 
access grazing ungulates via the ears (and the head) than 
species that more frequently browse vegetation strata 
higher up, such as moose [49].

For all ungulate species, the A. phagocytophilum infec-
tion prevalence we found in feeding ticks (0.76–1.00) 
was high relative to values reported in earlier studies 
(0.22–0.86) [11, 43, 50]. Furthermore, we found a higher 
infection prevalence in feeding ticks than in questing 
ticks. This suggests that ungulates are important trans-
mission hosts for A. phagocytophilum in this part of 
Sweden, despite tick infestation being relatively low, and 
that the infection prevalence of ungulate hosts influences 
the infection prevalence in feeding ticks. Within Europe 
there is much variation in infection prevalence in ungu-
late hosts [14], which might explain why the infection 
prevalence in feeding ticks reported in other studies was 
lower. In our study, the transmission cycle of A. phago-
cytophilum was mainly between nymphs and females. 

Table 4 Infection prevalence of tick-borne pathogens in questing Ixodes ricinus ticks

nP and IP (95% CI) are as defined in footnote of Table 3

Life stage Anaplasma phagocytophilum Borrelia burgdorferi (s.l.) Borrelia miyamotoi Babesia spp.

nP IP (95% CI) nP IP (95% CI) nP IP (95% CI) nP IP (95% CI)

Nymphs (n = 881) 36 0.04 (0.03–0.05) 136 0.15 (0.13–0.18) 8 0.01 (0.00–0.02) 8 0.01 (0.00–0.02)

Adults (n = 84) 8 0.10 (0.04–0.15) 16 0.19 (0.11–0.26) 1 0.01 (0.00–0.04) 3 0.04 (0.00–0.07)
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This has been proposed [51], but had not been shown in 
a field study. Moreover, non-feeding males in our study 
were infected with A. phagocytophilum and this infec-
tion prevalence was higher than in questing adults. This 
finding may suggest that A. phagocytophilum alters tick 
behavior, causing them to select for ungulates, or that 
males actually become infected with A. phagocytophi-
lum between the time of questing and when we collected 
them from the animals [52]. The latter might happen 
when a male briefly feeds on a host before finding a 
female to mate with, or males might feed on the females 
they are attached to during mating and become infected 
through the female. However, our data do not allow us to 
draw conclusions on exact transmission pathways and we 
encourage others to investigate these potential mecha-
nisms in targeted studies. More generally, our interpre-
tation of the differences in infection prevalence between 
questing ticks and feeding ticks has its limitations 
because we did not investigate the exact transmission 
dynamics of tick-borne pathogens. However, our results 
can be used to generate hypotheses on the role of differ-
ent ungulate species in the transmission pathways of tick-
borne pathogens, which should be further investigated in 
future research. In fact, this remains a major knowledge 
gap for the field of tick-borne pathogens in general.

For B. burgdorferi (s.l.) we found a low infection preva-
lence in feeding ticks for all ungulate species, reflecting 
results in other studies [9, 10, 41, 42, 53, 54]. This low 
infection prevalence in feeding ticks for B. burgdorferi 
(s.l.), combined with our finding that infection prevalence 
was lower in feeding ticks than in questing ticks, support 
the notion that ungulates do not transmit the bacterium 
and that there might even be a borreliacidal effect [9, 55]. 
However, we still found B. burgdorferi (s.l.) in engorged 
ticks, which has also been shown in other studies [9, 10, 
41, 42, 54]. Although these observations contradict the 
borreliacidal effect, we cannot rule out that the B. burg-
dorferi (s.l.) we detected in ticks were not-infectious 
bacteria. The infection prevalence in feeding larvae was 
low but not zero, which might indicate some co-feeding 
transmission between feeding nymphs or females and 
feeding larvae. Co-feeding transmission of B. burgdor-
feri (s.l.) has not yet been identified in ungulates, but has 
been demonstrated in mice (reviewed in [56]).

Although we made every effort to collect a sufficient 
sample size, the sample size for several of our ungu-
late species was still quite limited (especially for moose 
and roe deer). This was, at least partly, due to the rela-
tively low densities of these species in our study area 
[57] and the resulting low hunting quota. These low 
sample sizes might explain why some of the differences 
among the ungulate species in terms of female tick bur-
den and infection intensity in larvae and nymphs were 

non-significant. The aim of our study was to compare dif-
ferent ungulate species and, therefore, we only draw con-
clusions on the relative contribution of the five studied 
ungulate species. To investigate the overall contribution 
of ungulates species, we should have included other host 
species in our study. Furthermore, we cannot draw any 
conclusions about the absolute tick burden and infection 
prevalence for each ungulate species. Our initial results, 
which indicate that ungulate species identity matters, 
do strongly suggest that future research should quantify 
the absolute contribution of different ungulate species to 
the dynamics of tick-borne pathogens. Such work should 
focus on essential parameters, such as exact transmis-
sion pathways and persistent infection, which we did not 
include in our study. Such studies have been performed 
in rodents (e.g., [28]), but not yet in ungulates.

Our study included only I. ricinus and included tick-
borne pathogens for which this tick species is the main 
vector in Europe [58]. However, we do suggest that 
similar results may hold for a broader collection of tick 
species and their pathogens. The main pathogens inves-
tigated in our study, B. burgdorferi (s.l.) and A. phagocy-
tophilum, are globally not limited to the tick species I. 
ricinus [58], and it is likely that the morphological and 
behavioral differences among the ungulate species also 
influence their ability to feed other tick species.

Conclusion
Despite our relatively low sample sizes, we found sup-
port for our main hypothesis that the different ungulate 
species may play a different role in the propagation of 
ticks and the transmission cycles of tick-borne patho-
gens. For example, in our system wild boar played a small 
role as propagation host, and fallow deer seemed to play 
a stronger role in the transmission cycle of A. phagocy-
tophilum relative to the other deer species. Given our 
small sample sizes, we urge others to challenge and con-
firm our preliminary findings and invest more effort in 
comparing the role of different sympatric ungulate spe-
cies in the spread of tick-borne pathogens in other sys-
tems and during other seasons. If our results hold, this 
means that ungulate management, as a tool to mitigate 
zoonotic disease risk, should not treat ungulates as one 
black box. Rather, such management should take the 
potentially different roles of different species as propaga-
tion hosts and in pathogen transmission into account and 
acknowledge that these roles may vary depending on the 
target pathogen. Our initial results suggest that choices 
in ungulate management, for example targeting specific 
ungulate species differently, could markedly influence 
the impact of the strategy on the abundance of infected 
questing ticks.



Page 13 of 15Fabri et al. Parasites Vectors          (2021) 14:360  

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13071- 021- 04860-w.

Additional file 1: Table S1. Number of individuals per ungulate species 
included in the study. Table S2. Proportion (%) of ticks found on different 
body parts of the five studied ungulate species. Table S3. Summary of 
feeding larvae and feeding nymphs on ears, feeding females on groin 
and axilla and non-feeding males on complete carcasses on five ungulate 
species. Table S4. Standardized model estimates with 95% confidence 
intervals for the analysis of infestation prevalence with non-feeding males. 
Table S5. Standardized model estimates with 95% confidence intervals 
for the analysis of infestation prevalence (A) and intensity (B) with feeding 
females. Table S6. Infection prevalence of tick-borne pathogens in feed-
ing Ixodes ricinus ticks from five studied ungulate species. Table S7. Stand-
ardized model estimates with 95% confidence intervals for the analysis 
of infestation prevalence (A) and intensity (B) with feeding nymphs. 
Table S8. Sequencing results from Borrelia burgdorferi (s.l.) positive ticks 
collected from ungulates. Table S9. Standardized model estimates with 
95% confidence intervals for the analysis of the infection prevalence of 
Anaplasma phagocytophilum in feeding nymphs. Table S10. Standard-
ized model estimates with 95% confidence intervals for the analysis of 
the infection prevalence of Borrelia burgdorferi (s.l.) in feeding nymphs. 
Table S11. Sequencing results from Babesia ssp. positive ticks collected 
from ungulates. Figure S1. Map of Sweden with the study area in green. 
Figure S2. Larval (A), nymphal (B) and female (C) tick burden on the stud-
ied ungulate species. Tick burden, as calculated by formula 1, is given with 
84% bootstrapped, bias-corrected, confidence intervals to show differ-
ences among ungulate species with a significance with an alpha value of 
0.05. Figure S3. Infection intensity in larvae and nymphs from the studied 
ungulate species. Infection intensity, as calculated by formula 2, is given 
with 84% bootstrapped, bias-corrected, confidence intervals to show dif-
ferences among ungulate species with a significance with an alpha value 
of 0.05. The four graphs show the Anaplasma phagocytophilum infection 
intensity in larvae (A) and nymphs (B) and the Borrelia burgdorferi (s.l.) 
infection intensity in larvae (C) and nymphs (D). 

Additional file 2: Raw dataset.

Acknowledgements
We thank all hunters and hunting estates who participated in this study for 
giving us the opportunity to collect our data during their hunts. We thank 
Manoj Fonville and Ryanne Jaarsma (RIVM) for their support in the labora-
tory preparations and molecular analyses of the samples. We also thank Kas 
Swinkels for his contributions in data collection and Sander Vink for drawing 
the silhouettes used in this article.

Authors’ contributions
NF, JC, HS and FW designed the methodology. NF and BD collected the field 
data. HS, NF and BD performed the lab analyses. NF and TH analyzed the data. 
NF, JC and HS led the writing of the manuscript. All authors contributed criti-
cally to the drafts, and all authors read and approved the final manuscript.

Funding
Open access funding provided by Swedish University of Agricultural Sciences. 
This study was partly financed by Grant 2018.4.3-4511 of the Future Animals, 
Nature and Health platform at the Swedish University of Agricultural Sciences. 
In addition, the study received support from the Swedish Environmental 
Protection Agency (Naturvårdsverket, NV-01337-15, NV-03047-16, NV-08503-
18). HS was supported by a Grant of the European Interreg North Sea Region 
program, as part of the NorthTick project. The pathogen detection was finan-
cially supported by the Dutch Ministry of Health, Welfare, and Sports. NF was 
supported by a Grant of the Dutch Research Council (NWO, 022.005.021).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article and its Additional files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Wildlife, Fish, and Environmental Studies, Swedish University 
of Agricultural Sciences, 901 83 Umeå, Sweden. 2 Department of Population 
Health Sciences, Faculty of Veterinary Medicine, Utrecht University, Yalelaan 
7, 3584 CL Utrecht, The Netherlands. 3 Centre for Infectious Disease Con-
trol, National Institute for Public Health and the Environment, Antonie Van 
Leeuwenhoeklaan 9, 3721 MA Bilthoven, The Netherlands. 4 Centre for African 
Conservation Ecology, Department of Zoology, Nelson Mandela University, PO 
Box 77000, Port Elizabeth 6031, South Africa. 5 Copernicus Institute of Sustain-
able Development, Faculty of Geosciences, Utrecht University, Princetonlaan 
8a, 3584 CB Utrecht, The Netherlands. 

Received: 13 January 2021   Accepted: 24 June 2021

References
 1. Spitzer R. Trophic resource use and partitioning in multispecies ungulate 

communities. Swedish University of Agricultural Sciences, Umeå. 2019. 
https:// pub. epsil on. slu. se/ 16431/1/ spitz er_r_ 191114. pdf. Accessed 21 Jul 
2020.

 2. Deinet S, Ieronymidou C, McRae L, Burfield IJ, Foppen RP, Collen B, et al. 
Wildlife comeback in Europe: the recovery of selected mammal and 
bird species. In: Delibes-Mateos M, Diaz-Fernandez S, Ferreras P, Vinuela 
J, Arroyo B, editors, et al. Final report to rewilding Europe. London: ZSL, 
BirdLife International and the European Bird Census Council; 2013.

 3. Apollonio M, Andersen R, Putman R. European ungulates and their man-
agement in the 21st century. Cambridge: Cambridge University Press; 
2010.

 4. Maclean IMD, Austin GE, Rehfisch MM, Blew J, Crowe O, Delany S, et al. 
Climate change causes rapid changes in the distribution and site abun-
dance of birds in winter. Glob Change Biol. 2008;14(11):2489–500.

 5. Presley SJ, Cisneros LM, Klingbeil BT, Willig MR. Landscape ecology of 
mammals. J Mammal. 2019;100(3):1044–68.

 6. Linnell JDC, Cretois B, Nilsen EB, Rolandsen CM, Solberg EJ, Veiberg V, 
et al. The challenges and opportunities of coexisting with wild ungulates 
in the human-dominated landscapes of Europe’s Anthropocene. Biol 
Conserv. 2020;244: 108500.

 7. Jaenson TG, Jaenson DG, Eisen L, Petersson E, Lindgren E. Changes in the 
geographical distribution and abundance of the tick Ixodes ricinus during 
the past 30 years in Sweden. Parasites Vectors. 2012;5(1):8.

 8. Hofmeester TR, Coipan EC, van Wieren SE, Prins HHT, Takken W, Sprong 
H. Few vertebrate species dominate the Borrelia burgdorferi s.l. life cycle. 
Environ Res Lett. 2016;11(4): 043001.

 9. Pacilly FCA, Benning ME, Jacobs F, Leidekker J, Sprong H, Van Wieren 
SE, et al. Blood feeding on large grazers affects the transmission of 
Borrelia burgdorferi sensu lato by Ixodes ricinus. Ticks Tick-Borne Dis. 
2014;5(6):810–7.

 10. Matuschka F-R, Heiler M, Eiffert H, Fischer P, Lotter H, Spielman A. 
Diversionary role of hoofed game in the transmission of lyme disease 
spirochetes. Am J Trop Med Hyg. 1993;48(5):693–9.

 11. Kazimírová M, Hamšíková Z, Špitalská E, Minichová L, Mahríková L, Caban 
R, et al. Diverse tick-borne microorganisms identified in free-living ungu-
lates in Slovakia. Parasites Vectors. 2018;11(1):495.

 12. Silaghi C, Hamel D, Pfister K, Rehbein S. Babesia species and co-infection 
with Anaplasma phagocytophilum in free-ranging ungulates from Tyrol 
(Austria). Wien Tierärztl Monatsschrift. 2011;1(98):268–74.

https://doi.org/10.1186/s13071-021-04860-w
https://doi.org/10.1186/s13071-021-04860-w
https://pub.epsilon.slu.se/16431/1/spitzer_r_191114.pdf


Page 14 of 15Fabri et al. Parasites Vectors          (2021) 14:360 

 13. Di Domenico M, Pascucci I, Curini V, Cocco A, Dall’Acqua F, Pompilii C, 
et al. Detection of Anaplasma phagocytophilum genotypes that are 
potentially virulent for human in wild ruminants and Ixodes ricinus in 
central Italy. Ticks Tick-Borne Dis. 2016;7(5):782–7.

 14. Stuen S, Granquist EG, Silaghi C. Anaplasma phagocytophilum—a wide-
spread multi-host pathogen with highly adaptive strategies. Front Cell 
Infect Microbiol. 2013;3:31. https:// doi. org/ 10. 3389/ fcimb. 2013. 00031.

 15. Kiffner C, Lödige C, Alings M, Vor T, Rühe F. Attachment site selection of 
ticks on roe deer, Capreolus capreolus. Exp Appl Acarol. 2011;53(1):79–94.

 16. Jones KE, Bielby J, Cardillo M, Fritz SA, O’Dell J, Orme CDL, et al. PanTHE-
RIA: a species-level database of life history, ecology, and geography of 
extant and recently extinct mammals. Ecology. 2009;90(9):2648.

 17. Spitzer R, Felton A, Landman M, Singh NJ, Widemo F, Cromsigt JPGM. 
Fifty years of European ungulate dietary studies: a synthesis. Oikos. 
2020;129(11):1668–80.

 18. Spitzer R, Churski M, Felton A, Heurich M, Kuijper DPJ, Landman M, et al. 
Doubting dung: eDNA reveals high rates of misidentification in diverse 
European ungulate communities. Eur J Wildl Res. 2019;65(2):28.

 19. Kjær LJ, Soleng A, Edgar KS, Lindstedt HEH, Paulsen KM, Andreassen ÅK, 
et al. Predicting and mapping human risk of exposure to Ixodes ricinus 
nymphs using climatic and environmental data, Denmark, Norway and 
Sweden, 2016. Eurosurveillance. 2019;24(9):1800101.

 20. Hulínská D, Votypka J, Plch J, Vlcek E, Valesová M, Bojar M, et al. Molecular 
and microscopical evidence of Ehrlichia spp. and Borrelia burgdorferi 
sensu lato in patients, animals and ticks in the Czech Republic. New 
Microbiol. 2002;25:437–48.

 21. Silaghi C, Pfister K, Overzier E. Molecular investigation for bacterial and 
protozoan tick-borne pathogens in wild boars (Sus scrofa) from southern 
Germany. Vector Borne Zoonotic Dis. 2014;14(5):371–3.

 22. Arthur DR. British ticks. London: Butterworths; 1963.
 23. Hillyard PD. Ticks of north-west Europe. Shrewsbury: Field Studies Coun-

cil; 1996.
 24. Wielinga PR, Gaasenbeek C, Fonville M, de Boer A, de Vries A, Dimmers W, 

et al. Longitudinal analysis of tick densities and Borrelia, Anaplasma, and 
Ehrlichia infections of Ixodes ricinus ticks in different habitat areas in The 
Netherlands. Appl Environ Microbiol. 2006;72(12):7594–601.

 25. Stigum VM, Jaarsma RI, Sprong H, Rolandsen CM, Mysterud A. Infection 
prevalence and ecotypes of Anaplasma phagocytophilum in moose Alces 
alces, red deer Cervus elaphus, roe deer Capreolus capreolus and Ixodes 
ricinus ticks from Norway. Parasites Vectors. 2019;12(1):1.

 26. Heylen D, Tijsse E, Fonville M, Matthysen E, Sprong H. Transmission 
dynamics of Borrelia burgdorferi s.l.in a bird tick community. Environ 
Microbiol. 2013;15(2):663–73.

 27. Hovius JWR, de Wever B, Sohne M, Brouwer MC, Coumou J, Wagemakers 
A, et al. A case of meningoencephalitis by the relapsing fever spirochaete 
Borrelia miyamotoi in Europe.Lancet. 2013;382(9892):658.

 28. Krawczyk AI, van Duijvendijk GLA, Swart A, Heylen D, Jaarsma RI, Jacobs 
FHH, et al. Effect of rodent density on tick and tick-borne pathogen 
populations: consequences for infectious disease risk. Parasites Vectors. 
2020;13(1):34.

 29. Øines Ø, Radzijevskaja J, Paulauskas A, Rosef O. Prevalence and diversity 
of Babesia spp. in questing Ixodes ricinus ticks from Norway. Parasites Vec-
tors. 2012;5(1):156.

 30. Casati S, Sager H, Gern L, Piffaretti J-C. Presence of potentially pathogenic 
Babesia sp. for human in Ixodes ricinus in Switzerland. Ann Agric Environ 
Med. 2017;13(1):65–70.

 31. Kahl O, Gern L, Eisen L, Lane RS. Ecological research on Borrelia burgdorferi 
sensu lato: terminology and some methodological pitfalls. In: Gray J, Kahl 
O, Lane RS, Stanek G, editors. Lyme borreliosis: biology epidemiology and 
control. Wallingford: CAB International; 2002. p. 29–46.

 32. Payton ME, Greenstone MH, Schenker N. Overlapping confidence inter-
vals or standard error intervals: what do they mean in terms of statistical 
significance? J Insect Sci. 2003;3:34. https:// doi. org/ 10. 1093/ jis/3. 1. 34.

 33. Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM. Zero-truncated 
and zero-inflated models for count data. In: Zuur AF, Ieno EN, Walker N, 
Saveliev AA, Smith GM, editors. Mixed effects models and extensions in 
ecology with R. New York: Springer; 2009. p. 261–93.

 34. Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen 
A, et al. glmmTMB balances speed and flexibility among packages for 
zero-inflated generalized linear mixed modeling. R J. 2017;9(2):378.

 35. Burnham K, Anderson D. Multimodel inference: understanding AIC and 
BIC in model selection. Sociol Methods Res. 2004;33(2):261–304.

 36. Swedish Meteorological and Hydrological Institute (SMHI). http:// www. 
smhi. se/ data/ meteo rologi/ ladda- ner- meteo rolog iska- obser vatio ner/# 
param= airte mpera tureI nstan t,stati ons= all Accessed 6 May 2021.

 37. Richter D, Debski A, Hubalek Z, Matuschka F-R. Absence of lyme disease 
spirochetes in larval Ixodes ricinus ticks. Vector-Borne Zoonotic Dis. 
2011;12(1):21–7.

 38. van Duijvendijk G, Coipan C, Wagemakers A, Fonville M, Ersöz J, Oei A, 
et al. Larvae of Ixodes ricinus transmit Borrelia afzelii and B. miyamotoi to 
vertebrate hosts. Parasites Vectors. 2016;9:97. https:// doi. org/ 10. 1186/ 
s13071- 016- 1389-5.

 39. Matei IA, Estrada-Peña A, Cutler SJ, Vayssier-Taussat M, Varela-Castro L, 
Potkonjak A, et al. A review on the eco-epidemiology and clinical man-
agement of human granulocytic anaplasmosis and its agent in Europe. 
Parasites Vectors. 2019;21:12.

 40. R Core Team. R: a language and environment for statistical computing. 
Vienna, Austria: R foundation for statistical computing. 2019. https:// 
www.R- proje ct. org/.  Accessed 6 May 2021.

 41. Tälleklint L, Jaenson TGT. Transmission of Borrelia burgdorferi s.l. from 
mammal reservoirs to the primary vector of lyme borreliosis, Ixodes ricinus 
(Acari: Ixodidae), in Sweden. J Med Entomol. 1994;31(6):880–6.

 42. Wegner Z, Stańczak J, Racewicz M, Kubica-Biernat B, Kruminis-Łozowska 
W. The etiological agent of lyme disease, Borrelia burgdorferi, in ticks (Atari: 
Ixodidae) from eastern Poland. Zentralbl Bakteriol. 1997;286(1):93–106.

 43. Michalik J, Stańczak J, Cieniuch S, Racewicz M, Sikora B, Dabert M. Wild 
boars as hosts of human-pathogenic Anaplasma phagocytophilum vari-
ants. Emerg Infect Dis J. 2012;18(6):998–1001. https:// doi. org/ 10. 3201/ 
eid18 06. 110997.

 44. Hornok S, Horváth G, Jongejan F, Farkas R. Ixodid ticks on ruminants, with 
on-host initiated moulting (apolysis) of Ixodes, Haemaphysalis and Derma-
centor larvae. Vet Parasitol. 2012;187(1):350–3.

 45. Rijpkema SGT, Herbes RG, Kruif NV-D, Schellekens JFP. Detection of four 
species of Borrelia burgdorferi  sensu lato in Ixodes ricinus ticks collected 
from roe deer (Capreolus capreolus) in The Netherlands. Epidemiol Infect. 
1996;117(3):563–6.

 46. Vázquez L, Panadero R, Dacal V, Pato FJ, López C, Díaz P, et al. Tick infesta-
tion (Acari: Ixodidae) in roe deer (Capreolus capreolus) from northwestern 
Spain: population dynamics and risk stratification. Exp Appl Acarol. 
2011;53(4):399–409.

 47. Mejlon HA, Jaenson TGT. Questing behaviour of Ixodes ricinus ticks (Acari: 
Ixodidae). Exp Appl Acarol. 1997;21(12):747–54.

 48. Lundmark C. Morphological and behavioural adaptations of moose 
to climate, snow, and forage. Umeå: Swedish University of Agricultural 
Sciences. 2008. https:// pub. epsil on. slu. se/ 1800/1/ Lundm ark_ kappan_ 
Morho logic al_ and__ behav ioural_ adapt ations. pdf. Accessed 8 Dec 2020.

 49. Nichols R, Cromsigt J, Spong G. DNA left on browsed twigs uncovers 
bite-scale resource use patterns in European ungulates. Oecologia. 
2014;178(1):275–84.

 50. Jahfari S, Coipan EC, Fonville M, van Leeuwen AD, Hengeveld P, Heylen D, 
et al. Circulation of four Anaplasma phagocytophilum ecotypes in Europe. 
Parasit Vectors. 2014;7(1):365.

 51. Takumi K, Sprong H, Hofmeester TR. Impact of vertebrate communi-
ties on Ixodes ricinus-borne disease risk in forest areas. Parasit Vectors. 
2019;12(1):434.

 52. Kahl O, Chitimia-Dobler L, Mackenstedt U, Petney TN. Zirkulation des 
FSME-Virus im Freiland. In: Rubel F, Schiffner-Rohe J, editors. FSME 
in Deutschland: Stand der Wissenschaft. Baden-Baden: Deutscher 
Wissenschafts-Verlag; 2019. p. 53–66.

 53. Jaenson TGT, Tälleklint L. Incompetence of roe deer as reservoirs of the 
lyme Borreliosis spirochete. J Med Entomol. 1992;29(5):813–7.

 54. Schouls LM, Pol IVD, Rijpkema SGT, Schot CS. Detection and identifica-
tion of Ehrlichia, Borrelia burgdorferi Sensu Lato, and Bartonella Species in 
Dutch Ixodes ricinus ticks. J Clin Microbiol. 1999;37(7):2215–22.

 55. Kurtenbach K, De Michelis S, Etti S, Schäfer SM, Sewell H-S, Brade V, et al. 
Host association of Borrelia burgdorferi sensu lato—the key role of host 
complement. Trends Microbiol. 2002;10(2):74–9.

 56. Voordouw MJ. Co-feeding transmission in lyme disease pathogens. 
Parasitology. 2015;142(2):290–302.

https://doi.org/10.3389/fcimb.2013.00031
https://doi.org/10.1093/jis/3.1.34
http://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-observationer/#param=airtemperatureInstant,stations=all
http://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-observationer/#param=airtemperatureInstant,stations=all
http://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-observationer/#param=airtemperatureInstant,stations=all
https://doi.org/10.1186/s13071-016-1389-5
https://doi.org/10.1186/s13071-016-1389-5
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.3201/eid1806.110997
https://doi.org/10.3201/eid1806.110997
https://pub.epsilon.slu.se/1800/1/Lundmark_kappan_Morhological_and__behavioural_adaptations.pdf
https://pub.epsilon.slu.se/1800/1/Lundmark_kappan_Morhological_and__behavioural_adaptations.pdf


Page 15 of 15Fabri et al. Parasites Vectors          (2021) 14:360  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 57. Pfeffer SE, Singh NJ, Cromsigt JPGM, Widemo F. Summer and winter 
browsing affect conifer growth differently: an experimental study in a 
multi-species ungulate community. For Ecol Manag. 2021;494: 119314.

 58. Rochlin I, Toledo AYR. Emerging tick-borne pathogens of public health 
importance: a mini-review. J Med Microbiol. 2020;69(6):781–91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Wild ungulate species differ in their contribution to the transmission of Ixodes ricinus-borne pathogens
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Sample collection
	DNA extraction and pathogen detection
	Using body parts as proxy for the whole animal to increase sample sizes
	Contribution of ungulate species as a propagation host
	Contribution of ungulate species to the transmission of Anaplasma phagocytophilum and Borrelia burgdorferi (s.l.)
	Pathogen transmission from ungulate host to ticks

	Results
	Contribution of ungulate species as propagation hosts
	Infection prevalence of tick-borne pathogens in ungulates
	Infection prevalence of tick-borne pathogens in questing ticks
	Contribution of ungulate species to the transmission of Anaplasma phagocytophilum and Borrelia burgdorferi (s.l.) through larvae
	Contribution of ungulate species to the transmission of Anaplasma phagocytophilum and Borrelia burgdorferi (s.l.) through nymphs
	Transmission of Anaplasma phagocytophilum and Borrelia burgdorferi (s.l.) from ungulate host to ticks
	Babesia spp. and Borrelia miyamotoi in ticks collected from ungulates

	Discussion
	Conclusion
	Acknowledgements
	References




