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Abstract

Invasive mosquito species (IMS) and their associated mosquito-borne diseases are emerging in Europe. In Belgium,
the first detection of Aedes albopictus (Skuse 1894) occurred in 2000 and of Aedes japonicus japonicus (Theobald
1901) in 2002. Early detection and control of these IMS at points of entry (PoEs) are of paramount importance to slow
down any possible establishment. This article reviews the introductions and establishments recorded of three IMS

in Belgium based on published (2007-2014) and unpublished (2015-2020) data collected during several surveil-
lance projects. In total, 52 PoEs were monitored at least once for the presence of IMS between 2007 and 2020. These
included used tyre and lucky bamboo import companies, airports, ports, parking lots along highways, shelters for
imported cutting plants, wholesale markets, industrial areas, recycling areas, cemeteries and an allotment garden at
the country border with colonised areas. In general, monitoring was performed between April and November. Mos-
quitoes were captured with adult and oviposition traps as well as by larval sampling. Aedes albopictus was detected
at ten PoEs, Ae. japonicus at three PoEs and Aedes koreicus (Edwards 1917) at two PoEs. The latter two species have
established overwintering populations. The percentage of PoEs positive for Ae. albopictus increased significantly over
years. Aedes albopictus is currently entering Belgium through lucky bamboo and used tyre trade and passive ground
transport, while Ae. japonicus through used tyre trade and probably passive ground transport. In Belgium, the import
through passive ground transport was first recorded in 2018 and its importance seems to be growing. Belgium is
currently at the invasion front of Ae. albopictus and Ae. japonicus. The surveillance and control management actions at
well-known PoEs associated to long-distance introductions are more straightforward than at less-defined PoEs associ-
ated with short-distance introductions from colonised areas. These latter PoEs represent a new challenge for IMS
management in Belgium in the coming years. Aedes albopictus is expected to become established in Belgium in the
coming years, hence increasing the likelihood of local arbovirus transmission. The implementation of a sustainable,
structured and long-term IMS management programme, integrating active and passive entomological surveillance,
vector control and Public Health surveillance is therefore pivotal.
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(Edwards 1917) have been proven to be vectors of sev-
eral arboviruses causing mosquito-borne diseases [1, 2].
These IMS adapted to the human environment by using
artificial containers as larval habitat (such as tyres, rain
water barrels and catch basins), which contributed to
their invasive range expansion [3]. The increased inter-
national movement of goods and people, together with
climate warming and urbanisation, have ensured the
global expansion of IMS and is expected to continue
in the future [4—8]. Autochthonous outbreaks of mos-
quito-borne diseases typically follow 5-15 years after
the establishment of Aedes albopictus [6]. Mosquito-
borne diseases are a growing threat for public and ani-
mal health in Europe [9, 10]. Local transmission events of
dengue (DENV), chikungunya (CHIKV) and Zika (ZIKV)
viruses occur in Europe, primarily in Mediterranean
countries [11-13]. A prerequisite for autochthonous dis-
ease transmission is the introduction of pathogens and
the presence of a competent vector. The World Health
Organisation (WHO) stressed the significance of build-
ing capacities to detect, assess and report public health
events with capacity building for vector surveillance and
control at PoEs as one of the essential elements of the
WHO International Health Regulations [14, 15]. This
would aid the early detection and control of IMS, which
is of paramount importance to slow down any possible
establishment of IMS in a given area.

Aedes albopictus and Ae. japonicus are IMS species
that have established in multiple countries in Europe
over the last 2 decades. Following the first observations
of Ae. albopictus and Ae. japonicus in France in 1999 [16]
and 2000 [17], respectively, three Belgian companies that
import used tyres and export to France were inspected
between 2000 and 2003. The Belgian companies were
targeted because of possible import of tyres from coun-
tries where Ae. albopictus is native or established [18].
In 2000, Ae. albopictus was detected for the first time in
Belgium on the premises of a used tyre import company
in Vrasene [19], but did not overwinter. The first collec-
tion of Ae. japonicus in Belgium was at a used tyre import
company in Natoye in 2002, where it was detected again
in 2003 and 2004, but did not spread to the surroundings
at that time [18]. Despite these early detections, IMS sur-
veillance was initiated in Belgium not earlier than 2007.
This article reviews the introductions and establishments
recorded of three IMS in Belgium based on published
(2007-2014) and unpublished (2015-2020) data col-
lected during several surveillance projects.
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Overview of the project-based surveillance
methodology

Surveillance projects

Since 2007, several projects have been completed to sur-
vey IMS in Belgium: MODIRISK [20-23], EXOSURV [24,
25], FASCF [26], MEMO [27] and MEMO+2020 [28].
First, the large-scale national inventory study (MODI-
RISK, 2007-2010) aimed to advance our restricted
knowledge on mosquito biodiversity and distribution
in Belgium [20, 23]. Second, the pilot project EXO-
SURV (2012) evaluated the usefulness and applicabil-
ity of the ECDC guidelines for IMS surveillance [29] by
setting up IMS-focused surveillance for the first time in
Belgium [24]. Third, exotic vectors and pathogens were
surveyed between 2013 and 2016 (FASFC project) [26].
Fourth, a national monitoring of exotic mosquito spe-
cies was conducted between 2017 and 2020 (MEMO
[27] and MEMO+-2020[28] projects), complemented in
2020 by the DiMoC project on diversity components in
mosquito-borne diseases in the face of climate change. A
detailed overview of the IMS surveillance projects with
their sampling strategies tailored to specific entomologi-
cal risk scenarios (see also ‘Sampling strategies’) is pre-
sented in Additional file 1: Table S1.

Selection of the points of entry (PoEs)

The following known and potential import routes and
locations near country borders (referred to as ‘points of
entry’ or PoEs) were monitored in Belgium: used tyre and
lucky bamboo import companies, airports, ports, parking
lots along highways, shelters for imported cutting plants,
wholesale markets, industrial areas, recycling areas, and
cemeteries as well as an allotment garden at the coun-
try border with colonised areas. In total 52 PoEs were
monitored at least once for IMS between 2007 and 2020
(Fig. 1, Table 1).

From 2007 to 2010 (MODIRISK project), 930 sampled
sites were randomly chosen in urban, rural and natu-
ral areas based on the Corine Land Cover classes, while
45 sampled sites were specifically selected as potential
points of entry of vectors [18 industrial sites (i.e. PoEs)]
or pathogens (27 natural sites).

Since 2012, PoEs were selected yearly based on the
qualitative risk assessment (QRA) of the ECDC guide-
lines [29]. The QRA was based on seven factors scor-
ing the risk for introduction and establishment of IMS:
import origin, import volume/frequency (compared per
type of PoE), import method, import possibility at PoE,
habitat suitability of the IMS around PoE, recent import
of Ae. albopictus at PoE and evidence of import at this
PoE type in other countries. Besides the QRA, the choice
for inclusion of a specific PoE was also based on practical
or financial considerations. Additionally, new high-risk
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Fig. 1 Map of Belgium with 52 monitored PoEs for invasive mosquito species (IMS). The borders indicate the areas of Belgian provinces

PoEs were added, often replacing already monitored
PoEs, after new information was obtained. For example,
a new used tyre import company was identified in 2016
based on customs data collected through the HarmVect
project [30]. In 2017, 11 of the 23 PoEs were pre-selected
by the Belgian government based on the previous pro-
jects and expert advice. An overview of the selected PoEs
per year can be found in Table 1.

Sampling strategies

Since 2012, IMS surveillance in Belgium was imple-
mented in line with the ECDC guidelines [29] with
intensified surveillance mainly based on the monitoring
strategy implemented in The Netherlands [31]. Sampling
strategies differed according to the risk scenarios of IMS
introduction and establishment [29] and adapted accord-
ing to project needs (Additional file 1: Table S1). In sce-
nario 1 (SC1—no presence of IMS) PoEs were surveyed
to detect the introduction of IMS early. In case of a posi-
tive finding of IMS during a SC1 monitoring, surveillance
was intensified to monitor the persistence of the IMS at
the PoE and its spread into the surroundings (200-500 m
buffer zone). In case of an IMS introduction at a parking

lot, a SC1 monitoring was implemented at the next ser-
vice station with a restaurant along the same highway.
By targeting the next parking lot we aimed to assess the
possible further spread along the highway. In most cases
surveying a 200-500 m buffer zone around the parking
lots was not considered an appropriate strategy because
of the absence of a suitable environment for IMS. In sce-
nario 2 (SC2), with IMS established locally covering an
area of < 25 km?, the PoE and surroundings of the col-
onised area (in a 500 m—10 km buffer zone around the
point of first detection at the PoE) were monitored to
follow up the establishment and spread of the IMS. In
scenario 3 (SC3), where IMS are widely established (cov-
ering an area of more than 25 km?), the seasonal abun-
dance and spread of IMS were monitored at and around
the colonised area, i.e. 6-8 km buffer zone around the
point of first detection at the colonised area.

In general, the IMS monitoring was performed each
year between April and November [except in 2012
(July—October), 2017 (August—-November) and 2020
(August—October)]. This monitoring continued during
winter months (1) at the lucky bamboo import company
from 2016 onwards, because imported mosquitoes can
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reproduce indoors in the plant nursery during the winter,
(2) once at the port of Antwerp (2013-2014) and (3) in
case of scenario 3.

Adult mosquitoes were collected with Mosquito Mag-
net Liberty Plus/Executive/Independence traps (Wood-
stream Corp., Lititz, PA, USA), baited with octenol (since
2015) and CO, (MMT), BG-Sentinel traps (Biogents,
Germany), baited with BG-lure (BG), CDC gravid traps
(Frommer Updraft, JW Hocke company, Gainesville, FL,
USA) (GT) or BG-GAT traps (gravid Aedes traps, Bio-
gents, Germany). The GT trap was mainly used to sur-
vey Ae. japonicus and Ae. koreicus. At used tyre and lucky
bamboo import companies, BG and MMT traps were set
up next to each other to increase attractiveness by using
lures from both traps and CO, from the MMT. Larvae
were collected from potential larval habitats (PLHs). A
PLH has been defined as a single vessel or a group of the
same vessels (e.g. a stock of tyres, lucky bamboo contain-
ers in the same shelter) in which mosquito larvae can
develop. Larval sampling (LS) was done mainly by net-
ting with a fine-meshed aquarium net, but small PLHs
were aspirated with a pipette or large syringe, or totally
emptied into a white tray. Eggs were collected with ovi-
position traps (OT) consisting of a black plastic bowl
(volume of 0.5 to 2 1) with drainage holes, filled for 2/3
with an infusion [oak (2012-2015) or hay (2016-2017)]
or tap water (2018-2020) with a floating oviposition sup-
port [polystyrene piece (2012—-2020) or wooden paddle
(2020, for Ae. japonicus)].

The surveillance of IMS was coordinated and in large
part completed by the Unit of Entomology of the Insti-
tute of Tropical Medicine, Belgium. To improve the
cost-efficiency and sustainability of the monitoring, local
partners assisted in trap handling in 2018, 2019 and 2020.
The directorate of roads in Wallonia, primarily respon-
sible for managing the road and highway network, and
the Flemish Environment Agency agreed to voluntarily
operate the OT at the parking lots and send the oviposi-
tion substrates to the Unit of Entomology. Also Belgian
defence voluntarily operated BG and OT traps at the air-
port of Zaventem in 2018 and 2019.

Mosquito identification

The adult specimens were killed by storing them at
—20 °C upon arrival at the laboratory. Larvae were killed
in 80% ethanol in the field (2007-2016) or transported
alive to the laboratory and killed by a thermal shock with
hot water (70 °C) (2017-2020). After the thermal shock,
the larvae were transferred in 80% ethanol and, after
morphological identification, in the case of exotic speci-
mens, in absolute ethanol. Morphological identification
of adults and larvae was done with a stereomicroscope
using dichotomic and digital keys [29, 32-37]. To confirm
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and validate the morphological identification of IMS and
to identify damaged adults and larvae, DNA-barcoding
was performed [18, 26, 27, 36, 38, 39].

The collected polystyrene pieces from OT were
checked for the presence of IMS eggs in the laboratory by
using a stereomicroscope. From 2007 to 2010 and from
2013 to 2019, a subsample of the eggs from the poly-
styrene piece (1-5 eggs per side) was always DNA-bar-
coded [18, 26, 27, 36, 40]. In 2012 and 2020 the positive
polystyrene pieces or wooden paddles were immerged
in water in secured containers, which were stored in a
secured mosquito breeding room (2012 [25]) or climate
controlled cupboard (2020). Hatched larvae (3rd or 4th
instar) were stored in 80% (2012) or absolute (2020) etha-
nol for morphological identification. In case the eggs did
not hatch, MALDI-TOF mass spectrometry [41] (2012
[24]) or DNA-barcoding (2020) was performed on the
eggs for identification.

Database management and analysis

From 2007 to 2010 a Personal Digital Assistant (PDA)
and Global Positioning System (GPS) were used to enter
data in the field [20], whereas in the other years mobile
applications were used on a smartphone (VECMAP®,
Avia-GIS, Belgium [42], in 2012 [24], as well as from 2017
to 2020, and Epicollect [43] from 2013 to 2016). All the
PoE, trap and sampling information as well as the mor-
phological identification results were stored in the data
management system MS ACCESS (2007-2016) or VEC-
MAP® (2017-2020) with a traceable and unique labelling
system. Datasets from 2007 to 2020 are published on the
Global Biodiversity Information Facility (GBIF) website
[44-50].

A logistic regression (using R software [51]) was per-
formed to investigate the trend in the percentage of posi-
tive PoEs for Ae. albopictus over the years. The time effect
was introduced in the logistic regression as an independ-
ent variable. The outcome variable is the percentage of
positive PoEs and the estimates of the logistic regression
in this case correspond to the effect of 1-year increase in
terms of log odds. Exponentiating these estimates gives
the odds ratio. When the odds ratio is > 1 we consider
there is an increase in finding a positive PoE in 1-year
increase and a value < 1 means there is a decrease in the
probability that a PoE is positive. The P-values allow us to
conclude whether the results are significant by fixing the
significance level at 5%.

History and state of the art of invasive mosquito
species in Belgium

Three IMS species were recorded in Belgium between
2000 and 2020: Ae. albopictus, Ae. japonicus and Ae.
koreicus. Aedes albopictus is in the first stage of invasion
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‘introduction; Ae. japonicus in the second invasion stage
‘local establishment’ and Ae. koreicus in the third inva-
sion stage ‘spread’ The invasion history differs among
these species and will be discussed accordingly.

Aedes albopictus

Aedes albopictus was detected at ten PoEs spread
throughout the Belgian territory in 2007-2020 (Fig. 2,
Additional file 1: Table S2). Based on the observations
made during this period, the species was not yet able to
establish given that no evidence for overwintering was
found. Yet, indoor and outdoor summer reproduction of
Ae. albopictus, as indicated by detection of immature life
stages, occurred at and around some PoEs where control
measures were not implemented, or only implemented
2 to 3 months after the first detection of Ae. albopic-
tus (Additional file 1: Table S2). As reproduction of Ae.
albopictus in Belgium is possible, the time gap between
the detection and control should be as small as possible
to lower the risk of possible spread and establishment.

Typically, Ae. albopictus was collected between May
and October. The earliest detection of Ae. albopictus (1
male and 2 females) during the mosquito season (April—
November) in a non-sheltered environment was in May
2018 at the used tyre import company AB in Kallo. This
finding precedes the earliest detection of the species in a
non-sheltered environment in The Netherlands, applying
similar methods and covering the same sampling period
[52]. This early observation might be due to an early
introduction combined with suitable climatic conditions
in April-May 2018, which were exceptionally warm [53]
and might have favoured the development and survival
of the introduced individuals. The last specimens of Ae.
albopictus were predominantly collected in September
up to the end of October, comparable to the situation in
The Netherlands [52]. Indoors, introduced Ae. albopictus
were collected once as larva in February 2016, which was
probably linked to the increased import of lucky bamboo
from Guangdong (southern China) for the Chinese New
Year. Furthermore, twice Ae. albopictus was collected in
November (adults and larvae), again linked to the import
of lucky bamboo. These findings point to the fact that
the species can be introduced through the lucky bam-
boo trade at any time of the year [54]. The species was
collected with OT, BG and MMT traps and by LS. All of
these methods were suitable to detect Ae. albopictus at a
first and last time point of a given year.

The companies trading used tyres and lucky bamboo
plants are well-known introduction routes [52, 55, 56].
Since the first detection of Ae. albopictus in Belgium in
2000 [19], 12 Ae. albopictus introductions through used
tyre and lucky bamboo trade were recorded (Additional
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file 1: Table S2). Aedes albopictus was detected at the
used tyre import company AT in Vrasene in 2013 [26]
and 2016. Furthermore, Ae. albopictus was detected in
two other used tyre import companies: BA in Framer-
ies (2016 and 2018) and AB in Kallo (2018). During
the intensified surveillance, the species was also found
in the 200-300-m perimeter around the point of first
detection at BA in 2016 and at AB in 2018. In 2013
and in 2014, Ae. albopictus was intercepted from ship-
ments with lucky bamboo plants at the port of Antwerp
PA1, destinated for the lucky bamboo import company
EB in Lochristi [26, 57]. Subsequently, the species was
detected at this lucky bamboo company in 2014 and
since then each year from 2015 to 2019, except in 2017.
Indoor summer reproduction was found in 2014-2016,
but stopped the following years after preventive larvi-
ciding was implemented. Furthermore, 32 Ae. albopic-
tus eggs were collected in one ovitrap just outside the
plant nursery in 2015, indicating potential reproduc-
tion outside.

Control measures [mainly larviciding with Bti
(Bacillus thuringiensis israelensis) and Bs (Bacillus
sphaericus), granular and liquid formulations] were
implemented since 2014 on an ad hoc basis with an
evolution from reactive to preventive measures in Flan-
ders. When preventive larviciding was implemented
at these well-known and high-risk PoEs, few (lucky
bamboo) or no (used tyre) new detections were made
anymore. Other preventive measures such as obligate
covering of used tyres and obligate treatment of lucky
bamboo water should be taken to regulate the used tyre
and lucky bamboo import in Belgium. In The Nether-
lands such a regulation for prevention of Ae. albopictus
is already in place in the form of covenants and legisla-
tion for import of these commodities (used tyres and
lucky bamboo) [52]. However, even with these regula-
tions in place, active surveillance remains necessary to
detect introduction of IMSearly and evaluate control
measures [52].

The detection of Ae. albopictus at Belgian park-
ing lots since 2018 (Fig. 2, Additional file 1: Table S2)
points towards a short-distance introduction path-
way, already observed in other European countries
[55, 58—62] but new for Belgium. For example, ongo-
ing introductions of Ae. albopictus in southern Eng-
land occurred via ground vehicular traffic through
train and ferry from nearby established populations in
France [63]. The expanding population of Ae. albopic-
tus in northern France (departments of Val-de-Marne,
Seine-Saint-Denis, Hauts-de-Seine, Seine-et-Marne,
Essonne, Aisne Bas-Rhin) or in Germany (Baden-Wiirt-
temberg and Hesse) [64—66] most likely is the source
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of the introduced Ae. albopictus found at the parking
lots in Belgium, as these are located within a 2-2.5-h
drive from these populations [29]. For vehicles com-
ing from colonised areas in northern France and Ger-
many, the monitored parking lots were often the first
stop after crossing the border. Also the recent detec-
tions at parking lots in The Netherlands at the northern
Belgian border [67] suggest that Ae. albopictus can be
introduced anywhere in Belgium. Certainly, Ae. albop-
ictus populations are progressively establishing closer
to Belgium and more frequent short-distant introduc-
tions will take place in the coming years.

Aedes japonicus

Aedes japonicus was detected at four PoEs in the period
2007-2020 and is locally established at one PoE (Fig. 2,
Additional file 1: Table S3). The species was typically col-
lected between May and October, but larvae could be col-
lected as early as March, while adults were sampled until
November. Aedes japonicus was collected with OT, GT,
BG and MMT traps and by LS. All these methods were
suitable as last detection method for Ae. japonicus. MMT,
OT, GT and LS methods were also suitable as first detec-
tion method for Ae. japonicus in a given year, although
LS was the most frequent first detection method for this
species.

Since 2002, Ae. japonicus has been locally established
at a used tyre import company in Natoye (HA) [18]. At
that time tyres were imported from their home range in
Japan and from their invasive range in the USA, where
the species is established, making the international used
tyre trade the probable introduction pathway [18]. For >
10 years, Ae. japonicus was reported as locally established
in a 2-km perimeter around the tyre import company
HA (Additional file 1: Table S3). The species was inter-
cepted twice, in 2008 and 2012, at the used tyre import
company SP, which is located 2 km southeast of HA. No
further spread of Ae. japonicus was detected in 2012.
This was in strong contrast to the fast spread of the spe-
cies observed in other European countries [68]. In 2012,
the first vector control measures (removal of PLH and
larviciding with Bti and Bs, granular and liquid formula-
tions) were implemented at both companies and in the
surroundings, which drastically reduced the population
size of Ae. japonicus, but the species was still present and
detected up to 2 km mainly in the southwestern direc-
tion [24]. Subsequently a large vector control programme
was executed between 2013 and 2015 after which the Ae.
japonicus population was considered eliminated [69-71].
This was the first Belgian IMS elimination campaign
ever. In 2017, the monitoring of Ae. japonicus focused on
confirming the elimination at and around the used tyre
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import company HA. Aedes japonicus was rediscovered
at the same PoE HA in 2017, and this was reconfirmed
in 2018. In 2019 the population density at the tyre com-
pany HA increased strongly compared to 2017 and 2018
(Additional file 1: Table S3). The percentage of posi-
tive oviposition substrates from OT increased from 12%
in 2017 to 13% in 2018 and 32% in 2019 (the sampling
periods and efforts were comparable in 2017-2019). The
detection of Ae. japonicus eggs and larvae up to 750 m
from HA (forest ‘Bois Henrard, private garden in Vincon,
Ciney) in 2019 implies that Ae. japonicus spread again in
southwest direction as it was the case in 2012. It seems
that the small forest located southwest of the tyre com-
pany forms a good ‘green corridor’ for the spread of the
mosquito [40, 72]. At the northeast side, the company is
surrounded by open meadows, which possibly hamper
the spread of the population in that direction.

An investigation of the genetic variation at seven
microsatellite loci indicated that remnants of the origi-
nal population were still present, although no detections
were done in 2015 and 2016 during the control campaign
[70]. Natural or cryptic larval habitats (tree holes, plas-
tic sheet covering wood, plastic waste) in the small forest
probably played a role as ‘refuge’ [22, 40, 73]. The current
admixed population displayed a higher allelic richness
than the original population, which points towards at
least one re-introduction of Ae. japonicus from an exter-
nal source population after the elimination campaign
[40]. Tyres are regularly imported from an Ae. japonicus-
colonised area in Germany [74], which might be the pos-
sible source of this new introduction. Currently, the tyre
company only imports tyres from Europe (mainly Lux-
embourg, France, Italy, Spain, Germany and The Neth-
erlands) (HA, personal communication). German Ae.
japonicus populations display high invasiveness potential
as indicated by their fast spread after establishment all
over the country [75]. High genetic diversity might be a
component of their invasiveness success [75, 76]. A new
introduction possibly increased the genetic diversity of
the Belgian population, which could explain the appar-
ently faster spread seen in 2019 compared to that before
2012. In 2020 control measures (removal of PLH and
larviciding with Bti, granular formulation) were imple-
mented at HA and in the 500-m buffer zone (forest ‘Bois
Henrard, areas in the hamlet Vincon). During the treat-
ment of larval habitats in 2020, immature life stages were
still detected at the premises of the used tyre import com-
pany HA. Controlling Ae. japonicus at HA has proven to
be challenging and given the continuous tyre trade with
colonised countries like Germany, new introductions are
likely to occur, with further genetic admixture.
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In The Netherlands, Ae. japonicus was associated with
allotment gardens [77, 78]. Likewise, this species was
found in an allotment garden along the country border
with Germany (EU) from 2017 to 2019 (Additional file 1:
Table S3). The monitoring results, supported by a genetic
investigation [40], point to the phenomenon of multiple
introductions in Belgium from the nearby population
in West Germany [64, 68, 79]. In fact, the late detection
in June 2018 and the limited number of specimens col-
lected, together with the absence of adults or of egg-lay-
ing females (i.e. no eggs were collected with OT) in 2019
suggest the absence of an established population in the
allotment garden. Yet, the detections of eggs and larvae
of Ae. japonicus in the 200-m perimeter around the allot-
ment garden later in the season in 2018 and 2019 con-
firmed summer reproduction of the species. The range
expansion of Ae. japonicus in Austria, Italy and Switzer-
land seems to be mainly driven by active dispersion next
to passive ground transport [62, 80—82]. Whether the
introductions in Belgium occurred via one or the other
pathway could not be determined from the genetic data-
set [40].

At the industrial area in Maasmechelen (MM) close
to the German border, Ae. japonicus adults were found
only once between mid-June and mid-July 2018 (Addi-
tional file 1: Table S3), and thus a single introduction is
hypothesised, which is supported by the genetic results
[40]. Interestingly, it was the first time that Ae. japonicus
and Ae. koreicus co-occurred at a PoE in Belgium. Co-
occurrences of Ae. japonicus and Ae. koreicus have been
previously reported from Germany, Switzerland, Slovenia
and Italy [37, 82].

Aedes koreicus

Aedes koreicus was detected at two PoEs in 2007-2020
and is widely established at one PoE (Fig. 2, Additional
file 1: Table S4). Adults of Ae. koreicus were caught from
May to the beginning of October with a peak in August
and September in 2009 and in June and July in 2018, and
larvae were found from March until October. The traps
OT, GT, BG, BG-GAT and MMT as well as LS were suit-
able methods to collect Ae. koreicus, whereas MMT, LS
and OT were appropriate for first detection in a given
year. Similarly to Ae. japonicus, the most frequent first
detection method for Ae. koreicus was LS. The methods
MMT, LS and GT were suitable as last detection method
for Ae. koreicus.

Since Ae. koreicus was first found in 2008 in the forest
patch next to the industrial area 'Op de Berg’ (MM) [21],
the species has established at the industrial area (Addi-
tional file 1: Table S4). Although the import route of this
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IMS into Belgium remains unknown, international trade
was speculated because of the large industrial zone sur-
rounding the area [21]. Similar to the other invasive spe-
cies, Ae. koreicus, uses a variety of human-made breeding
sites [37, 83]. In Belgium these included metal containers
[such as old construction equipment (mainly excavator
heads)], small and large tyres, plastic containers (such as
buckets, trays) and plastic sheets [27]. Aedes koreicus was
also found once in temporary muddy road tracks (2008)
[21]. In 2009 and 2017, larvae and eggs were collected
up to 4 km to the east of MM. The detection of some
larvae in 2014 and adults in 2017-2019 at the used tyre
import company in Dilsen-Stokkem (MB) at 5.4 km from
the industrial area MM was the furthest detection of this
species. These frequent observations at > 2.8 km from the
point of first detection indicate a widespread Ae. koreicus
population. However, most specimens can be found at
the industrial area MM itself, which remains the hot spot
for this species. At MM the locally established population
was reduced in 2019 after the first control campaign (lar-
viciding with Bti, granular formulation) in the same year
(Additional file 1: Table S4). The fact that mainly adults
were collected at the used tyre company MB, often late
in the reproduction season (September—October), sug-
gests seasonal spread from the established population at
MM. However, introduction by tyre trade at MB cannot
be ruled out since the company imports tyres from many
countries (MB, personal communication). After activa-
tion of the monitoring plan for a SC3 in 2018, no speci-
mens were collected in the 6-8-km buffer zone around
MM. It remains unclear why the species did not disperse
faster, in contrast to other populations in Europe where it
also spreads passively by road transport [37, 62, 83]. The
spread found in the northeast of the industrial area might
be explained by the presence of the forest ‘Mechelse Bos,
which forms a good ‘green corridor’ for the mosquito
to spread compared with the open terrain of the sand
quarry and the heath at the other sides of the industrial
area. In general, mosquitoes prefer to fly through bushes
and shrubs and avoid dry and open terrain [29]. However,
low availability of PLH, other than tree holes, in the for-
est ‘Mechelse Bos’ next to the industrial area MM might
have slowed down the active spread. We recommend to
further investigate the host preferences of the Belgian Ae.
koreicus population, as there have never been biting com-
plaints from the people working and living at and around
the industrial area [21]. Hypothetically, the population
could feed mainly on non-human mammals, in contrast
to other studies [84], which might explain the apparent
lack of passive spread through ground traffic.
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Implications for public health and control

Based on the current spread of Ae. albopictus, particu-
larly in France and Germany, on the increasing number
of interceptions of this species in Belgium and on the
suitability models developed in Europe [6, 85, 86], estab-
lishment of this species in Belgium is to be expected. Not
only Ae. albopictus, but also Ae. japonicus is gaining more
territory in neighbouring countries: Germany [58, 61, 64,
87], The Netherlands [67], Luxembourg [88], France [60,
66] and the UK [63, 89]. Anno 2020, both species have
widespread established populations less than 200 km
from Belgium, and Ae. japonicus is even reaching the Bel-
gian border in the east. European Ae. albopictus and Ae.
japonicus are able to transmit DENV, CHIKV and ZIKV
in the field or in the laboratory, respectively [1]. Local
transmission events of these arboviruses occur in Europe,
primarily in Mediterranean countries [11-13]. As inter-
national movement of people and the number of dengue
cases are both increasing worldwide [4, 90, 91], the num-
ber of travellers potentially infected by these exotic path-
ogens entering into Europe are also expected to increase.
The number of imported CHIKV and DENYV infections
in Europe are related to the epidemiological situation of
endemic disease in regions where the viruses circulate
[92, 93]. In some years a dramatic increase of imported
cases is linked to outbreaks in endemic countries [10, 94—
96]. In combination with a possible future widespread
establishment of Ae. albopictus in Belgium, the arbovirus
transmission risk will increase.

We observed a clear increasing trend of the percent-
age of positive PoEs for Ae. albopictus in Belgium over
the last 13 years (logistic regression coefficient: 0.517;
P<0.00001) with parking lots contributing most to the
increased number of PoEs since 2018. The correspond-
ing odds ratio is 1.67; this means there is 67% significant
increase in the probability of PoEs being positive with
1-year increase. On top of the still important long-dis-
tance IMS import with well-defined PoEs (especially the
used tyre and lucky bamboo import companies), now
also short-distance import with less-defined PoEs occurs.
For Belgium, the passive ground transport is a new and
important introduction pathway for especially Ae. albop-
ictus and probably also for Ae. japonicus. Natural disper-
sal for the latter species into Belgium is expected as well.
Belgium literally is at the front of their invasion range
and highlights the need for an integrated management
programme in contrast to the current short-term project-
based monitoring. Such a programme should include not
only active and passive surveillance for the detection of
IMS at both well-known and unknown PoEs, but also a
clear and complete control management plan at national
and regional levels setting out clear criteria for action,
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control methods and strategies with appropriate imple-
mentation, supervision and evaluation. The decision and
implementation of control of IMS species in Belgium
differ between regions and is not always based on epi-
demiological and entomological risk scenarios such as
described by Roiz et al. [97]. The IMS control in Belgium
is often too ad hoc as it is done reactively or proactively
depending on the available biocides, budget and some-
times political priorities, and it also depends on what the
policy is in neighbouring countries, e.g. the lack of Ae.
japonicus management in Germany. Finally, involvement
of local authorities (municipalities, provinces and local
Public Health units), social mobilisation, cross-border
collaboration and a link with Public Health surveillance
(including travel epidemiology) should be added to the
surveillance and control management plan.

Conclusion
Since the first IMS detection in Belgium in 2000, repeated
introductions have occurred between 2007 and 2020 at a
total of 14 PoEs. Aedes albopictus currently enters Bel-
gium through three pathways: lucky bamboo trade, used
tyre trade and passive ground transport. Aedes japonicus
enters through the used tyre trade and probably passive
ground transport, while it is unclear how Ae. koreicus was
initially introduced. The IMS Ae. japonicus and Ae. korei-
cus have established without spreading far in Belgium.
The IMS import through passive ground transport is
new for Belgium and creates a situation with both well-
known PoEs and less-defined PoEs. The control man-
agement actions at well-known PoEs with long-distance
introductions are more straightforward than at less-
defined PoEs with short-distance introductions. This will
be a new challenge in the coming years for Belgium as
established populations of Ae. albopictus and Ae. japoni-
cus are approaching the country border and introduc-
tions through passive ground transport are expected
to become more frequent. Aedes albopictus is expected
to become established in Belgium in the coming years,
hence increasing the likelihood of local arbovirus trans-
mission. The implementation of a sustainable, structured
and long-term IMS management programme in Belgium,
integrating active and passive entomological surveillance,
vector control and Public Health surveillance, is there-
fore pivotal.
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