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Abstract

Background
Forests are the primary habitats for Ixodes ricinus and harbor high tick populations, vectors of various pathogens. As such,
they are often considered as a homogenous land cover harboring abundant tick populations. However, little is known about
the heterogeneity in tick density within a peri-urban forest, where human exposure is high. The study aims to assess the
micro-environmental factors that favor tick abundance and their infection with three pathogens, in a peri-urban forest.

Methods
Ticks were sampled 17 times in 2016 in seven locations of a peri-urban forest during the period of tick activity. Three
zoonotic pathogens were screened, Borrelia burgdorferi s.l., Coxiella burnetii, and Francisella tularensis. The in�uences of
micro-environmental factors on tick abundance and infected tick abundance were tested with multiple negative binomial
generalized linear models.

Results
787 nymphs and 81 adult ticks were collected., resulting in densities of 6.61 nymphs and 0.68 adults per 10 km². These
densities were variable between the sites, ranging from 2.12 to 14.59 nymphs per 10m² and 0.24 to 1.29 adults per 10m².
The prevalence of B. burgdorferi s.l. was estimated at 3.37%. Coxiella burnetii was detected three times (1.36%) and F.
tularensis was not detected. Tick abundances were highest in deciduous forests, located in sandy and loamy-sand soils
covered by dense vegetation not easily accessible to forest visitors. The temperature during the sampling also positively
affected tick abundance. No variables were signi�cant for the models for infected ticks.

Conclusions
Tick abundance was in the upper range of other estimated tick densities in Belgian forests. Borrelia infection prevalence
was lower but the genospecies composition was similar to previous studies in Belgium. The assumption that forests are a
homogenously suitable tick habitat is questioned and we underline the necessity to account for micro-environmental
conditions and human exposure.

Introduction
Many emerging infectious diseases have a zoonotic origin [1]. Their occurrence depends on the probability of contact
between pathogens, potential vectors and hosts [2]. Ticks are important vectors of pathogens in Western Europe [3, 4].
Studies on tick abundance, tick infections, and their drivers focus on two types of associations and factors: (i) the temporal
variation with climatic and meteorological factors (e.g. [5, 6] and (ii) the spatial variation and physical with environmental
factors (e.g. [5, 7–9]. Some studies considered both temporal and spatial aspects [10–12]. In Western Europe, the main tick
vector is Ixodes ricinus. Its life cycle ranges from two to three years with three active stages (larva, nymph, and adult). This
generalist species feeds on a broad range of vertebrates, including mammals, birds, and reptiles [13]. They take a single
blood meal by stage and migrate down the litter to moult or to lay eggs. They spend extended periods off-host in the
environment, e.g., woodlands or pastures, for questing, moulting and diapausing, which present a strong seasonal variation
[14, 15]. Forests are tick primary habitats and are often associated with high tick abundance at regional (e.g. [11, 16, 17]
and local scales (e.g. [7, 8, 10, 14]).
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In this study, we focus on three tick-borne diseases (TBD) in a Belgian peri-urban forest: Lyme borreliosis, tularaemia and Q
fever. Lyme borreliosis (LB) is the most widespread TBD in Western Europe [18, 19]. If untreated, an infection may result in
skin, neurological, musculoskeletal, or cardiac complications [18, 20]. This multi-systemic in�ammatory disease is caused
by spirochetes from the species complex Borrelia burgdorferi sensu lato [19, 20]. This species complex contains several
human pathogens, e.g., B. afzelii, B. garinii, B. burgdorferi sensu stricto, B. bavariensis and B. spielmanii [18, 20–22]. They
are associated with different clinical symptoms [18, 23, 24]. Borrelia burgdorferi s.s. in the north-eastern United States is
particularly arthritogenic [25]. Borrelia garinii and B. afzelii cause LB in Europe, the �rst one being associated with most
typical Lyme neuroborreliosis cases, and the latter to less speci�c clinical symptoms and skin manifestations [18, 23]. The
roles of the other genospecies are unclear [18, 26]. In Belgium, the prevalence of B. burgdorferi s.l. in ticks collected from
humans was estimated at 13.9% [27], and the incidence of LB at 103 per 100,000 inhabitants (95% UI 87–120) [28]. Based
on the annual number of hospitalizations and positive results of laboratory tests, there was no evidence of any increase in
LB in Belgium between 2003 and 2012 [29].

Tularaemia is a disease with initial �u-like symptoms which can evolve towards serious clinical manifestations and
signi�cant mortality if untreated, occurring mainly in the Northern Hemisphere [30]. Several routes of infection exist,
including skin contact with infected animals, ingestion of contaminated water, and arthropod bites [30, 31]. The route of
infection and strain virulence lead to the different forms of the disease [30]. The ulceroglandular and glandular clinical
forms are the most common in Central Europe and Belgium [32] and they frequently result from arthropod bite or animal
contact. The agent of tularaemia is the gram-negative intracellular bacterium Francisella tularensis, a gamma-
Proteobacteria of the Francisellaceae family [33]. Four subspecies have been identi�ed: tularensis (type A), highly virulent
and present in North America, holarctica (type B), in Central Europe and the whole northern hemisphere in general,
mediasiatica, in Central Asia, and novicida [34]. Its main reservoirs are lagomorphs and rodents [33]. Tularaemia is rare in
Belgium, but the number of detected cases is increasing, similarly with an increasing number of serological tests: 14 cases
between 1950 and 2017, including 11 between 2010 and 2017 and 5 in 2017 [32].

Q fever is caused by the intracellular gram-negative bacterium Coxiella burnetii, a gamma(γ)-Proteobacteria of the
Legionella order [35, 36]. This pathogen infects a wide range of hosts, including dogs, cats, bovine, deer, rodents, reptiles,
�sh, birds and ticks [37, 38]. In ruminants, the main clinical manifestations are reproduction disorders and abortions [36]. In
humans, it can cause acute or chronic illness, but the diagnosis is challenging because most human infections are sub-
clinical or give �u-like symptoms [37–39]. In Belgium, Q fever is widespread in Belgian domestic ruminants [40] and 25
cases of Q fever are con�rmed yearly [41]. Infections generally occur through inhalation of C. burnetii contaminated
aerosols in milk, faeces, urine and birth products or abortions from infected ruminants [37, 39, 42]. Coxiella burnetii was
found in 40 tick species, and tick bites constitute another way of transmission, probably less important than the airborne
one [39, 42]. During three major outbreaks of Q fever in the Netherlands in 2007, 2008 and 2009, the prevalence of C.
burnetii in questing I. ricinus was less than 0.2% [43] while Pacheco et al. [44] found a C. burnetii infection of 44.6% in
Amblyomma tigrinum adult ticks in Argentina.

Variations in tick abundance [21, 45] and infection rates [21, 45, 46] in endemic areas are key components of TBD risk
assessment. Peri-urban forests are of particular interest, for both providing suitable habitats for ticks, that is, having a high
level of hazard, and being visited intensively by humans, that is, generating high exposure [14, 19, 47, 48]. Variability in tick
abundance and pathogen prevalence within forests is less known but may be substantial [8, 10]. The aim of this study is to
analyse the heterogeneity of tick abundance and prevalence of three tick-borne pathogens (B. burgdorferi s.l., F. tularensis
and C. burnetii) at the intra-seasonal time scale and within a peri-urban forest. We hypothesize that tick abundance is not
homogeneous within a forest stand and is affected by within-forest heterogeneity.

Material And Methods

Study area
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The Bois de Lauzelle is a peri-urban forest of nearly 200 hectares located across the municipalities of Wavre and Ottignies-
Louvain-la-Neuve (Fig. 1). This peri-urban region has a high and growing population density. The Bois de Lauzelle is
bordered by a golf facility, the city of Louvain-la-Neuve, and high-speed roads. The forest belongs to and is managed by
UCLouvain since 1970. It presents a diversity of local conditions, with an alternation of loamy and loamy-sand soils and
altitudes ranging from 45 to 153 meters around the valley of the Blanc Ri River. The forest is dominated by deciduous trees,
mainly beech and oak [49], and is legally protected by several statutes such as Natura 2000 (code BE31006) [50].

[Insert Fig. 1 here]

Tick sampling
Ticks were sampled in seven sampling units (SU) every two weeks from March 21st, 2016, to November 29th, 2016,
resulting in 17 sampling events (SE). SUs were selected to contrast vegetation types found across the forest. A description
of the Bois de Lauzelle and the SU is provided in an online interactive app (Additional �le 1: Text 1). Each SU was a
delimited area of 10m² (1mX10m), dragged by the same collector, using a 1m²-white �annel over the leaf litter, woodland
scrub, or low vegetation. Dragging is the most common method for tick capture in the vegetation because of its cost-
effectiveness and its ease of implementation and replication among �eld workers [51]. However, it tends to underestimate
absolute tick abundance and its e�ciency also �uctuates with the time of the day and the undergrowth [52]. During each
SE, we executed ten consecutive drags over the same SU in a rapid sequence. Consecutive drags give a better proxy of the
true abundances and allow better between-sites comparisons [52]. Samplings were performed on dry and non-windy days
between 9:00 AM and 12:00 AM. The �annel was changed whenever it became dirty or humid and was examined for ticks
at the end of each drag. Nymph and adult ticks were sampled and counted, and ticks from the same SU were stored in
alcohol. Larvae, found aggregated in the environment and rarely infesting humans, were not systematically sampled, and
put in separate pools.

Data preparation
Tick life stage and species were identi�ed under a Leica EZ4 binocular (X35), based on two conventional morphological
identi�cation keys [53, 54]. We also used [55] to distinguish between three similar species found in Belgium, Ixodes ricinus,
I. frontalis and I. arboricola. Ticks were washed in three consecutive baths with 70% alcohol and sterilized water and
crushed individually with a sterilized loop in Eppendorf containing 200µl of Dulbecco's modi�ed Eagle's medium (DMEM)
cell culture medium. Then, they were grouped in pools of four (50 µl/each, for a total volume of 200 µl) when possible,
considering that ticks from the same pool were sampled from the same SU and the same season. For practical reasons,
nymphs and adult ticks were not put in separate pools.

DNA extraction, sequencing, and PCR
DNA was extracted from 100µl pool medium (four ticks). The complete methods for DNA extraction and sequencing are
explained elsewhere [56]. Several PCR assays were performed for the screening of ticks and the three tick-borne pathogens:
B. burgdorferi s.l., F. tularensis, and C. burnetii: (i) SYBR Green real-time PCR on 5S and ITS2 genes to validate DNA
extraction and con�rm tick genus (Ixodes versus Dermacentor), (ii) TaqMan real-time (Light-Cycler® TaqMan® Master,
Roche Diagnostics GmbH, Germany) targeting C. burnetii insertion element IS1111 with previously described primers [57],
(iii) TaqMan real-time (Light-Cycler® TaqMan® Master, Roche Diagnostics GmbH, Germany) targeting Francisella (ISFtu
primers) [58] and Francisella-like (FopA primers) [59], (iv) two qPCR targeting the Outer Surface Protein A gene (OspA) and
the Borrelia �agellin gene (Fla). This method was adapted from [21]. The real-time PCR was done (Light-Cycler 480® SYBR
Green I Master, Roche Diagnostics GmbH, Germany) instead of an end-point PCR and the identi�cation of species was
performed by Sanger sequencing on the Genetic Analyzer ABI 3730XL (Applied Biosystems, Invitrogen Life Technologies,
Carlsbad, CA, USA), with the BigDye Terminator kit (Applied Biosystems). To achieve more consistent sequencing results,
we used the universal M13 tailed primer attached to the locus-speci�c primers described by [21]. The obtained consensus
sequences were analysed with the Basic Local Alignment Search Tool (BLAST) for species determination.
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Response variables
The effects of environmental local conditions were investigated for four response variables: density of nymphs (DON) of
adults (DOA), of infected nymphs (DIN) and of adults (DIA). They were measured by counting the number of adults and
nymphs sampled in the SU at each SU (ticks/10m²). DIN and DIA corresponded to the product of DOT and tick infection
prevalence (TIP) by DON and DOA respectively. TIP is the probability that the bite is from an infected tick and was
calculated following [60] (Eq. 1). This method estimates prevalence from pools, using a frequentist approach considering
100% sensibility and speci�city and a �xed pool size. TIP, based on pools, was computed for each season for the seven SU.

where P is the estimated prevalence, k, the pool size, x, the number of positive pools, and m, the number of pools tested.

Environmental variables
We measured weather parameters in one place across all SU at each SE (temporal variables) using a HOBO U23 Pro v2
Data Logger placed at 130 cm above the ground close to SU.4. (Table 1). Ixodes ricinus is vulnerable to desiccation [5, 61],
and temperature and relative humidity in�uence its survival, developments rates and activity periods [5, 17, 62, 63].
Temperatures measured at 130 cm and 5 cm in a forest are often correlated [10, 64]. 
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Table 1
Descriptive statistics of response variables, site variables and temporal variables.

Variable Min Mean Max Frequency (SU*SE) Type Method of
collection+

Continuous Variables            

DON (nymphs sampled per
10km²)

- 6.61 44 - Spatio-
temporal

Sampling

DOA (adults sampled per
10km²)

- 0.68 6 - Spatio-
temporal

Sampling

Temperature (°C) -1.94 12.89 22.91 - Temporal Hobo

Relative humidity (%) 47.59 85.04 100 - Temporal Hobo

Vegetation height (cm) 0 20.38 60 - Spatio-
temporal

Sampling

Slope percentage (%) 1.13 6.39 7.21 - Spatial GIS

Distance to the forest edge
(m)

38.61 190.43 398.84 - Spatial GIS

Categorical Variables            

Main undergrowth - - - Brambles: 3*17 = 51 Spatial Sampling

- - - Grass: 3*17 = 51

- - - Moss: 1*17 = 17

Soil texture class - - - Loamy: 5*17 = 85 Spatial GIS

- - - Loamy-sand: 2*17 = 
34

Soil drainage class - - - Excessive: 3*17 = 51 Spatial GIS

- - - Favourable: 4*17 = 
68

Type of forest - - - Deciduous: 5*17 = 85 Spatial GIS

- - - Coniferous: 2*17 = 34

Forest management - - - Pure high forest:
4*17 = 68

Spatial GIS

- - - Mixed high forest:
2*17 = 34

  - - - Grass 1*17 = 17    

Season - - - Spring: 7*5 = 35 Temporal -

- - - Summer: 7*6 = 42

- - - Fall: 7*6 = 42

+: Sampling = manually collected during the sampling. Hobo = collected with HOBO Data Logger, and GIS = collected
with geographic information system.
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[Insert Table 1 here]

Ixodes ricinus retreats in the leaf layer for transstadial development and when questing conditions are unfavourable [19,
65]. Tack et al. [66] found no effect of thinning on tick abundance, while shrub clearing decreases it. For each SU, we
determined the main undergrowth (bramble, grass, or moss) once, and measured its height throughout the sampling
season. Ticks are usually more abundant in deciduous forests compared to coniferous forests [8, 14, 19, 67]. Forest
management practices may also in�uence tick density [68]. Information of the forest stand type (coniferous or deciduous)
and the forest management practice (coppicing, mixed or pure high forest) were extracted from existing data (forestry unit
of the Earth and Life Institute of UCLouvain, personal communication).

Forest edge habitats are more suitable for several tick hosts [8, 62, 69]. In peri-urban environments, [70] also found
signi�cantly more nymphs at the woodland edge than in any other habitat. We measured, for each SU, the distance to the
forest edge.

Soil characteristics (soil type, drainage, slope) may also affect tick abundance. In the United States, [71] found more I.
scapularis in sandy and loamy-sand soils, compared to clay and loamy soils. Data on soil texture and drainage were
extracted from the digital soil map of Wallonia [72]. We also calculated the mean slope percentage with a Digital Elevation
Model at 20m spatial resolution. Variables characterizing the SU (site variables) are static, except for vegetation height,
measured in each SU across the samplings.

Statistical analyses
DON, DOA, DIN and DIA were tested for spatial autocorrelation with Moran’s I test (R ape package, Paradis and Schliep,
2019). We performed Spearman’s rho for rank correlations between DON, DOA, and TIP. Differences in DON, DOA, DIN, and
DIA between SU, types of soil, undergrowth and seasons were tested using non-parametric Kruskal-Wallis (K-W) tests. We
calculated the diversity of Borrelia genospecies with the Shannon diversity Index (R vegan package [74]). This index is one
of the most commonly used diversity indexes in ecology [75].

The dataset has a nested structure with SE nested within SU, and thus required a multi-level analysis approach. We built
two types of models: (i) temporal models, considering the weather and vegetation height, with SU as a random factor, (ii)
site models, using SE as a random factor. After standardization of the explanatory variables, we created two models for the
four response variables DON, DOA, DIN and DIA resulting in eight generalized linear mixed models (GLMM), using the lme4
R package [76]. DIN and DIA models were not computed because TIP was calculated for the seasons, which added
collinearity in the data. The likelihood ratio of a �tted Poisson model against a �tted negative binomial model indicated
that the data were overdispersed which can lead to in�ated and biased F-values [77, 78]. We used Vuong’s non-nested tests
(pscl R package [79]) to compare Poisson models with negative binomial models, and with their zero-in�ated versions.
Spearman’s rank correlations were performed between the predictors to select non-correlated explanatory variables
(Spearman |rho| < 0.90) [78]. Then, we performed bivariate regression for all dependent variables. We built the multivariate
GLMM by introducing the variables signi�cant in the bivariate analysis at P < = 0.15, using a stepwise backward procedure.
We only kept variables signi�cant at P < = 0.05 in the �nal models. Interactions between the remaining variables were
tested. All models were compared with the Akaike’s Information Criterion (AIC), considering two models with differences of
AIC smaller than |2| as equivalent. We checked the residuals for heteroscedasticity and spatial autocorrelation [80]. All
statistical analyses were conducted in R 3.6.3 [81].

Results

Descriptive statistics



Page 8/23

954 Ixodes ticks were sampled: 86 larvae, 787 nymphs, 37 males and 44 females (Additional �le 2: Dataset S1). Larvae, not
systematically sampled, were not further analysed. All nymphs and adults were Ixodidae, 854 I. ricinus, 13 I. frontalis and
one I. ventalloi. DON and DOA were estimated at 6.61 nymphs and 0.68 adults per 10 m² (Table 2). DON varied from 2.12
(SU.1) to 14.59 (SU.2), and DOA from 0.29 (SU.3) to 1.29 (SU.1 and SU.2). The mean percentage of adults by SU was
9.33%, with SU.1 having the highest percentage (37.93%). Nymphs were absent from 25 samplings, and adults from 70.

Table 2
Number of Ixodes ticks sampled per Sampling Unit (SU).

  Spring (5
samplings)

Summer (6
samplings)

Fall (6
samplings)

DON DOA TIP DIN DIA

SU N.N. N.A. N.N. N.A. N.N. N.A.          

SU.1 18 15 17 7 1 0 2.12
(2.34)

1.29
(1.45)

11.99
(6.32)

0.28
(0.32)

0.15
(0.17)

SU.2 95 5 116 12 37 5 14.59
(10.09)

1.29
(1.57)

1.48
(2.41)

0.18
(0.18)

0.02
(0.03)

SU.3 31 1 30 3 10 1 4.18
(3.68)

0.29
(0.59)

11.99
(6.32)

0.42
(0.34)

0.04
(0.08)

SU.4 97 4 24 4 10 1 7.71
(11.75)

0.53
(0.87)

2.99
(3.38)

0.20
(0.39)

0.01
(0.02)

SU.5 39 1 27 3 0 0 3.88
(5.11)

0.24
(0.44)

1.42
(2.36)

0.05
(0.10)

0.01
(0.01)

SU.6 26 2 32 4 2 0 3.53
(4.37)

0.35
(0.49)

1.50
(2.43)

0.06
(0.24)

0.00
(0.00)

SU.7 101 7 60 4 14 2 10.29
(9.85)

0.76
(1.30)

3.95
(3.86)

0.41
(0.43)

0.03
(0.05)

Total 407 35 306 37 74 9 6.61
(8.48)

0.68
(1.11)

3.71
(3.75)

0.22
(0.33)

0.02
(0.09)

Data represent the number of ticks collected in spring (March-May), summer (June-August) and fall (September-
November), the density of nymphs (DON), of adults (DOA), tick infection prevalence (TIP) and density of infected
nymphs (DIN) and adults (DIA). Densities were calculated as the mean (standard error) number of ticks per 10 m², and
TIP in percentages. SU = sampling units; N.N. = number of nymphs; N.A. = number of adults.

[Insert Table 2 here]

Nymphs and adults were grouped in 221 pools. B. burgdorferi s.l. was detected in 31 pools (12.81%) from in all SU and
during the three seasons (Additional �le 3: Dataset S2). The estimated prevalence was 3.71% (SE = 3.75) and increased
through the seasons, 2.35% (SE = 3.02) in spring, 4.29% (SE = 4.01) in summer and 8.26% (SE = 5.40) in fall. The highest
prevalences were found in SU.1 and SU.3 (11.99%) which are close to a cub scout's meeting place and trails. Six Borrelia
genospecies were identi�ed: Borrelia afzelii was dominant (18 isolations), followed by B. garinii (6) and B. burgdorferi s.s.
(4). Borrelia bavariensis, B. valaisiana, and B. spielmanii were only isolated once (Table 3). SU.3 and
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Table 3
Borrelia genospecies diversity by SU.

SU B.
Shannon
index

B.
species
richness

Borrelia species abundance

B.

burgdorferi
s.l.

B.

afzelii

B.

bavariensis

B.

burgdorferi
s.s.

B.

garinii

B.
spielmanii

B.
valaisiana

SU.1 0.87 3 6 4 0 1 1 0 0

SU.2 0.56 2 4 3 0 1 0 0 0

SU.3 1.49 5 8 3 1 1 2 0 1

SU.4 0.56 2 4 3 0 1 0 0 0

SU.5 0 1 1 0 0 0 0 1 0

SU.6 0 1 1 0 0 0 1 0 0

SU.7 0.6 2 7 5 0 0 2 0 0

The number of isolations by genospecies are referenced in Borrelia species abundance.

SU.1 presented the highest diversity in the number of genospecies (�ve and three respectively), and of isolations (8 and 6).
SU.5 and SU.6 had the lowest diversity with only one genospecies isolated (B. spielmanii and B. garinii). All detected
genospecies but B. spielmanii were present in SU.3. Coxiella burnetii was only detected in three pools (0.90%), one from
SU.1 (in spring) and two from SU.2 (in summer). Francisella tularensis and Francisella-like bacteria were not detected.

[Insert Table 3 here]

No spatial autocorrelation was detected for DON, DIN and DIA in each SU, but DOA was spatially autocorrelated (p = 0.04)
(Additional �le 4, Table S1). DON varied signi�cantly across the seven SU (Kruskal-Wallis H = 24.49, P = 0.0004), seasons
(H = 41.97, P < 0.0001) and according to the undergrowth (H = 7.96, P = 0.019), soil types (H = 9.64, P = 0.019) and drainage
categories (H = 3.96, P = 0.047) (Additional �le 4, Table S2). DON was higher in spring, in brambles, in loamy-sand soils and
in soils with favourable drainage. We found signi�cant correlations between DON and DOA (Spearman’s rank correlation rs 
= 0.43, P < 0.0001), DON and DIN (rs = 0.55, P < 0.0001), and DOA and DIA (rs = 0.80, P < 0.0001), but not between DON and
TIP (rs= -0.13, P = 0.155), and DOA and TIP (rs = 0.05, P = 0.559).

DON was higher in spring (11.60 ± 10.99 nymphs/10m²) than in summer (7.31 ± 7.10) and fall (1.76 ± 3.24). DOA was
similar in spring (0.97 ± 1.32 adults/10m²) and summer (0.90 ± 1.25), but lower in fall (0.21 ± 0.47). All sites reached their
maximum abundance before July (Fig. 2). SU with low tick abundance, SU.1, SU.3, SU.5 and SU.6 had less variability
(mean = 3.43, standard deviation = 4.00) than SU with high tick abundance, SU.2, 4 and 7 (mean = 10.83, standard
deviation = 10.78). SU.2 and SU.7 were covered by dense undergrowth. SU.4, located in a grassy area in the forest, had high
DON in spring (1.92/10m²), and low in summer (0.33) and fall (0.23).

[Insert Fig. 2 here]

There were correlations but no multicollinearity between environmental predictors (Additional �le 4, Figure S1). The highest
absolute Spearman’s correlation coe�cient rs was − 0.41 (P < 0.001) between slope and vegetation height. DON was
positively correlated with vegetation height (rs = 0.46, P < 0.0001) and temperature (rs = 0.28, P = 0.002), and negatively
correlated with relative humidity (rs = -0.41, P < 0.0001) and slope (rs = -0.21, P = 0.020). There was no correlation with
distance to forest edge (rs = 0.05, P = 0.554). DOA was positively correlated with vegetation height (rs = 0.31, P = 0.0005)
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and temperature (rs = 0.25, P = 0.005), and negatively correlated with relative humidity (rs = -0.24, P = 0.007) and distance to
forest edge (rs = -0.21, P = 0.024). There was no correlation with slope (rs = 0.06, P = 0.532).

Mixed-level modelling
For the nymph and the adult models, Vuong’s test suggested the use of a negative binomial model over Poisson (Z = 5.717,
P < 0.0001 and Z = 1.789, P = 0.0368 respectively), and zero-in�ated Poisson (Z = 4.565, P < 0.0001 and Z = 1.783, P = 0.0373
respectively). There were no signi�cant differences between the negative binomial model and their zero-versions (Z = 0.316,
P = 0.3761 and Z = 0.996, P = 0.1597 respectively) (Additional �le 4, Table S3). The simplest distribution (negative binomial)
was used. The temporal GLM indicated DON and DOA were signi�cantly higher in spring than in fall (P < 0.001) (Tables 4–
5). They were also signi�cantly positively associated with temperature (P < 0.001 for DON and < 0.05 for DOA), and DON
was negatively with relative humidity (P < 0.05).

Table 4
Summary of negative binomial temporal mixed models for DON.

    Bivariate models Best AIC multivariate model

Fixed effects Estimate Standard
Error

P Estimate Standard Error P

Season

(compared to
spring)

           

Summer -0.49 0.20 0.0168 (*) -1.51 0.36 < 0.0001 (***)

Fall -2.05 0.23 < 0.0001
(***)

-2.52 0.31 < 0.0001 (***)

Temperature 0.35 0.15 0.0152 (*) 0.67 0.17 < 0.0001 (***)

Relative Humidity -0.44 0.14 0.0013 (**) 0.28 0.14 0.0378 (*)

Vegetation Height 0.70 0.17 < 0.0001
(***)

- - -

Random effects       Variance Standard deviation  

SU. Intercepts       0.39 0.63  

The best AIC multivariate model (AIC = 618.86) was preferred over the null model (AIC = 687.17), X² = 76.31 (P = 1.05e-
15). P < 0.001 ‘***’; P < 0.01 ‘**’; P < 0.05 ‘*’.
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Table 5
summary of negative binomial temporal mixed models for the DOA.

  bivariate models Best AIC multivariate model

  Estimate Standard
Error

P Estimate Standard
Error

P

Fixed effects            

Season (compared to
Spring)

           

Summer -0.03 0.28 0.9136 -0.57 0.34 0.09

Fall -1.50 0.41 0.0002
(***)

-1.52 0.41 0.0002 (***)

Temperature 0.45 0.15 0.0033 (**) 0.48 0.19 0.0115 (*)

Relative Humidity -0.36 0.12 0.0024 (**) - - -

Vegetation height 0.65 0.41 0.0003
(***)

- - -

Random effects       Variance Std.Dev  

SU. Intercepts       0.28 0.53  

The best AIC multivariate model (AIC = 252.65) was preferred over the null model (AIC = 271.00). P < 0.001 ‘***’; P < 0.01
‘**’; P < 0.05 ‘*’.

[Insert Table 4 here]

The spatial GLM indicated signi�cant differences in DON and DOA between SU in different undergrowth, forest
management (Table 6–7). They were higher in brambles and in pure high forests. DON was also higher in deciduous
forests compared to coniferous forests (P < 0.001), in brambles compared to grass and moss (P < 0.001), and in soils with
favourable drainage compared to excessive drainage (P < 0.001).
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Table 6
Summary of the negative binomial spatial mixed model for DON.

  Bivariate models Best AIC multivariate model

Fixed effects Estimate Standard
Error

P Estimate Standard
Error

P

Forest management (compare to Mixed
High Forest)

           

Pure High Forest 0.69 0.23 0.0025
(**)

-0.78 0.32 0.0160
(*)

Grass 0.49 0.32 0.1303 2.48 0.40 < 0.0001
(***)

Forest type (compared to coniferous)            

Deciduous 0.40 0.22 0.0751 - - -

Undergrowth (compared to brambles)            

Grass -0.85 0.20 < 0.0001
(***)

-1.87 0.28 < 0.0001
(***)

Moss -1.07 0.29 0.0003
(***)

0.79 0.32 0.0734

Vegetation height 0.41 0.12 0.0006
(***)

     

Soil Type (compared to loamy)            

Loamy-Sand 0.87 0.20 < 0.0001
(***)

- - -

Soil drainage (compared to excessive)            

favourable 0.63 0.20 0.0018
(**)

2.111 0.410 < 0.0001
(***)

Slope percentage -0.34 0.10 0.0009
(***)

- - -

Distance to forest edge -0.04 0.11 0.6894 - - -

Random effects       Variance Standard
Deviation

 

SU. Intercepts       1.63 1.28  

The best AIC multivariate model (AIC = 628.2) was preferred over the null model (AIC = 687.17). P < 0.001 ‘***’ ; P < 0.01
‘**’ ; P < 0.05 ‘*’.
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Table 7
Summary of the negative binomial spatial mixed model for the DOA.

  Bivariate models Best AIC multivariate model

Fixed effects Estimate Standard
Error

P Estimate Standard
Error

P

Forest management (compare to Mixed
High Forest)

           

Pure High Forest 1.00 0.36 0.0054
(**)

1.26 0.33 0.0002
(***)

Grass 0.50 0.49 0.3105 0.42 0.47 0.3739

Forest type (compared to coniferous)            

Deciduous 0.53 0.33 0.1074 - - -

Undergrowth (compared to brambles)            

Grass -0.10 0.28 0.7013 0.16 0.25 0.5289

Moss -1.19 0.57 0.0356
(*)

-1.50 0.53 0.0046
(**)

Vegetation height 0.40 0.16 0.0111
(*)

- - -

Soil Type (compared to loamy)            

Loamy-Sand 0.46 0.28 0.1058 - - -

Soil drainage (compared to excessive)            

favourable 0.86 0.29 0.0029
(**)

- - -

Slope percentage 0.05 0.13 0.7290 - - -

Distance to forest edge -0.37 0.14 0.0090
(**)

- - -

Random effects       Variance Standard
Deviation

 

SU. Intercepts       0.59 0.77  

The best AIC multivariate model (AIC = 257.4) was preferred over the null model (AIC = 271.00). P < 0.001 ‘***’; P < 0.01
‘**’; P < 0.05 ‘*’; ‘ns’.

[Insert Table 5 here]

Discussion
This study was the �rst estimate of DON at the Bois de Lauzelle. The mean density of questing nymphs was estimated at
6.61 nymphs per 10 m², which is in the upper range of other studies in Belgium. Van Gestel et al. [10] found DON of 6.1 and
6.4 nymphs per 10 m² in 2018 and 2019 in the Campine region of Belgium, higher than Ruyts et al. [82], with 4.05 nymphs
per 10 m² in the same region in 2013. In our study, DON was estimated based on consecutive drags compared to the single
dragging used in other studies, which may explain the slightly higher density found. Moreover, we performed regular
samplings throughout the year to capture the temporal variation of tick abundance, as recommended by Dobson [15] and
Salomon et al. [83]. Tick density �uctuated with the local characteristics of the sampling sites, but they were active at the
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Bois de Lauzelle during the entire period of sampling. DON was highest in places with dense undergrowth, not easily
accessible to forest visitors, like in [10], where DON was lower at benches, picknick tables and information boards, and
adjacent to trails than in the forest interior. As in other peri-urban areas of Western Europe, ticks were more abundant in
spring over summer, over fall (e.g. [70] in peri-urban green spaces in the United Kingdom). Body inspection should be
always recommended to forest users during the season of tick activity.

B. burgdorferi prevalence was estimated at 3.37%. Other studies in Belgium found higher nymphal prevalences: 17.8% [84],
15.6% [82], 12% [21], 9.1% [8]. The latter study found a signi�cant difference over short distances, ranging from 2.8 to
21.6%. Hartemink et al. [85] also indicated high spatial variations in NIP in the Netherlands, ranging from 5–26% between
locations with similar forest types. In the Bois de Lauzelle, the estimated prevalence was also variable between places close
to each other (1.21–11.99%). In a forest stand, tick prevalence should therefore not be estimated from a single location.
The low B. burgdorferi prevalence we found may relate to the lack of connections for wildlife with other forests, or to the
presence of speci�c hosts and host composition [17].

Not all B. burgdorferi genospecies cause LB in domestic animals and humans, mainly B. burgdorferi s.s., B. afzelii, B.
garinii, B. spielmanii and B. bavariensis [23, 24, 86]. Borrelia afzelii was the dominant genospecies identi�ed in this study,
which is consistent with other studies in Belgium (Additional �le 5: S4). An older study found a different composition, with
B. garinii being predominant (53%) over B. afzelii (9%) [87]. These differences may be due to changes in ecological
conditions, species hosts or to the high variability among places, which makes local studies hardly comparable. Borrelia
bavariensis and B. spielmanii, identi�ed once in this study, are rare genospecies in Belgium. Our composition was similar to
a recent meta-analysis in Western Europe, with 46.6% for B. afzelii, 23.8% for B. garinii, 11.4% for B. valaisiana, 10.2% for B.
burgdorferi s.s., and B. bavariensis, B. spielmanii rarely detected [24]. Transmission cycles and dynamics of the different
Borrelia genospecies are in�uenced by differences in serum sensitivity in animals parasitized by I. ricinus [65, 86]. Borrelia
afzelii and B. spielmanii are commonly associated with mammals, while other genospecies are hosted by sea birds and
songbirds (B. garinii or B. valaisiana), or are generalist (B. burgdorferi s.s.) [19, 86, 88–91]. The dominance of B. afzelii over
B. garinii may suggest that rodents (e.g., Apodemus sylvaticus) are the most important feeding hosts in the Bois de
Lauzelle.

Francisella tularensis and Francisella-like bacteria were not detected in this study. Their absence was not surprising due to
their low prevalence in ticks. Francisella tularensis was found in one tick from 69 ticks (1.45%) in 2008 in the Sénart Forest
(France), and it was not detected between 2009 and 2014 in the same region [92]. Coxiella burnetii was detected in three
pools from SU.1 and SU.2. The prevalence of C. burnetii in questing I. ricinus in the Netherlands was 0.2% [43]. The
prevalence of these pathogenic agents in ticks are currently not well known in Belgium. The C. burnetii Nine Mile strain
(RSA 493), originally isolated in 1935 from the tick Dermacentor andersoni, was recently isolated in Belgium [40]. Public
health signi�cance of such low pathogen presence is di�cult to assess with the number of pools tested in this study.

In our study, the acarological indicators (DON, TIP and DIN) were heterogeneous within a forest stand, as previously
reported by Vourc’h et al. [7]. We found signi�cant correlations between DON and DIN, but not between DON and TIP,
similarly to Jouda et al. [93]. An absence of correlation between density of nymph and nymph infection prevalence is
common in endemic areas [94], and has been reported elsewhere [7, 93, 95, 96]. Ruyts et al. [95] did not �nd inter-annual
variation in NIP between 2009 and 2014 in Belgium forests and suggested that DON could be a good predictor of disease
risk. It was con�rmed by Hartemink et al. [85] who considered that DIN is mostly determined by DON, especially for
variations through seasons, where DIN peaks along with DON. At the forest-stand level, results are more nuanced as they
present different micro-environments in�uencing tick abundances and infection prevalence. For forest visitors, DON is a
good indicator for LB risk, but further studies, considering more sampling sites and analysing more ticks, should con�rm if
Borrelia prevalences are different inside a forest stand.
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This study offers a �rst estimate of the heterogeneity of tick abundance in a forest stand. However, it is based on a limited
number of sampling sites (7) and sampling events (17). Although these sites represent different micro-environments of the
forests, further studies should consider more sites with the same characteristics to increase statistical power and limit the
effects of samplings in a single location. The number of pools tested (221) was also low, especially for pathogens with low
prevalence in ticks such as C. burnetii. The low Borrelia prevalence may also be explained because was found to be
variable [21]. Infection prevalence in nymphs was estimated with 3’080 nymphs analysed individually in Ruyts et al. [95]
while this study analysed 221 pools.

Consistently with other studies in Belgium [8, 11, 95], we found higher DON under deciduous trees than under coniferous
trees. More favourable conditions and a dense litter are often found in deciduous forests [19]. Li et al. [11] did not �nd a
signi�cant in�uence of soil texture on tick abundances comparing forests in Belgium, except a negative correlation with the
percentage of clay. However, at a smaller scale, Guerra et al. [71] found more often I. scapularis ticks in loamy-sand and
sandy soils than in loamy soils, consistently with our results. Ticks prefer humid upper soil layers, while excessive moisture
may affect their winter survival and favour competitive organisms, such as fungi or nematodes [71]. Similarly, in this study,
DON was higher in soils without an excessive drainage. Local humid conditions favourable for tick survival are also
in�uenced by undergrowth. Several studies observed a negative effect of shrub clearing on the abundance of I. ricinus ticks
but not on Borrelia infection [66, 97]. Borrelia garinii was predominant on shrub-clearing sites, indicating that these modi�ed
habitats may be preferred by birds compared to rodents [97]. However, in this study, the only Borrelia genospecies identi�ed
in shrub-clearing site (SU.5) was B. spielmanii, whose main host are mammals [90]. We found a positive effect of
temperature on the number of questing ticks sampled. The in�uence of temperature is complex and not easily reproducible
[98]. In this study, temperature was recorded in one location for the entire forest and at one meter above the litter, so not in
the layer where I. ricinus shelter. Temperature was also measured punctually and did not re�ect the range of temperatures
encountered by the ticks through the year. The positive effect of temperature on tick abundance may be caused by an
increase of tick activity at the time of the sampling [5]. Further studies should assess if a single measure of meteorological
data is representative of the general conditions of the forest sites or mostly re�ect speci�c conditions in�uencing tick
activity during the samplings.

Conclusion
This study constitutes the �rst estimate of tick abundance in an intensively visited peri-urban forest in Belgium. The Bois de
Lauzelle had high but variable tick abundance, with highest abundances in deciduous forests, located in sandy and loamy-
sand soils covered by dense vegetation. Borrelia infected ticks were everywhere, but at relatively low prevalence. We
identi�ed six different Borrelia species with a typical composition for Western-Europe forests. Coxiella burnetii was present
at very low prevalence, and F. tularensis was not detected.

The variability in tick abundance and Borrelia prevalence in a peri-urban forest was associated to two types of factors: (i)
the micro-environment of the sampling site providing suitable habitats for ticks and hosts. (ii) the weather at the time of
sampling in�uencing tick activity. These results thus con�rm that the acarological risk for TBD is not homogeneous the in a
peri-urban forest. Further understanding of this variability and its determinants may help identify high-hazard areas and, in
heavily visited forests, identify management practices limiting the abundance of ticks in the most visited areas.

Abbreviations
DIA
density of infected adults
DIN
density of infected nymphs
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Lyme borreliosis
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SU
sampling unit
TBD
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Figure 1

Location of the seven sampling units (SU) in the Bois de Lauzelle.
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Figure 2

DON evolution by SU from March to November. Each dot constitutes an observation. DON stands for density of nymphs
and SU for sampling unit.
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