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Abstract 

Background:  Aedes japonicus japonicus, first detected in Europe in 2000 and considered established in Germany 
10 years later, is of medical importance due to its opportunistic biting behaviour and its potential to transmit patho-
genic viruses. Its seasonal phenology, temperature and land use preference related to oviposition in newly colonised 
regions remain unclear, especially in the context of co-occurring native mosquito species.

Methods:  Focussing on regions in Germany known to be infested by Ae. japonicus japonicus, we installed ovitraps in 
different landscapes and their transition zones and recorded the oviposition activity of mosquitoes in relation to sea-
son, temperature and land use (arable land, forest, settlement) in two field seasons (May–August 2017, April–Novem-
ber 2018).

Results:  Ae. japonicus japonicus eggs and larvae were encountered in 2017 from June to August and in 2018 from 
May to November, with a markedly high abundance from June to September in rural transition zones between forest 
and settlement, limited to water temperatures below 30 °C. Of the three native mosquito taxa using the ovitraps, 
the most frequent was Culex pipiens s.l., whose offspring was found in high numbers from June to August at water 
temperatures of up to 35 °C. The third recorded species, Anopheles plumbeus, rarely occurred in ovitraps positioned 
in settlements and on arable land, but was often associated with Ae. japonicus japonicus. The least frequent species, 
Aedes geniculatus, was mostly found in ovitraps located in the forest.

Conclusions:  The transition zone between forest and settlement was demonstrated to be the preferred oviposition 
habitat of Ae. japonicus japonicus, where it was also the most frequent container-inhabiting mosquito species in this 
study. Compared to native taxa, Ae. japonicus japonicus showed an extended seasonal activity period, presumably due 
to tolerance of colder water temperatures. Higher water temperatures and arable land represent distribution barriers 
to this species. The frequently co-occurring native species An. plumbeus might be useful as an indicator for potentially 
suitable oviposition habitats of Ae. japonicus japonicus in hitherto uncolonised regions. The results contribute to a bet-
ter understanding of mosquito ecology and provide a basis for more targeted monitoring, distribution modelling and 
risk management of mosquitoes.
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Background
The necessity to explore the ecology of the Asian 
bush mosquito (Asian rock pool mosquito) Aedes 
(Hulecoeteomyia) japonicus japonicus (Theobald, 1901) 
is predominantly based on its possible role as a vector 
of pathogens, including chikungunya virus, West Nile 
virus (WNV), Zika virus and various other encephalitis 
viruses [1–5]. Due to its opportunistic biting behaviour 
[6], Ae. japonicus japonicus is a possible bridge vector, 
which is able to transmit avian-borne zoonotic disease 
agents such as WNV to mammals including humans. 
Its vector potential and its natural dispersal capabilities 
may pose serious risks to human and animal health [7, 
8].

The area of origin of Ae. japonicus japonicus covers 
eastern Russia, eastern China, Korea and Japan [9, 10]. 
The species comprises four subspecies [9], which were 
recently discussed to be separate species [11]. Until 
now, only the subspecies Ae. japonicus japonicus has 
been demonstrated to occur outside of its native area. 
This subspecies started to spread in North America in 
the late 1990s [12] and to colonise Europe from 2000 
onwards [13]. The most recent findings were reported 
from Spain [14], Serbia and Bosnia and Herzegovina 
[15]. Due to its geographic origin, this mosquito is well 
adapted to the moderate climate of Germany, where it 
has been considered established since 2008 [16]. The 
genetic mixing of the populations by new introduc-
tion events [17] includes the possibility of a higher 
adaptation capacity and is of concern [18, 19]. On the 
other hand, the development of larvae of Ae. japoni-
cus japonicus is limited at water temperatures higher 
than 30 °C [20, 21]. In the USA, larval populations of 
the Asian bush mosquito have an advantage over those 
of native species like Aedes triseriatus (Say, 1823) and 
Aedes atropalpus (Coquillett, 1902) when developing at 
lower water temperatures and limited resources [22]. 
However, larvae of Ae. japonicus japonicus are more 
sensitive to higher water temperatures than those of 
native species, e.g. Aedes atropalpus in the USA [23], 
which should prevent displacement of the latter.

Several studies have investigated the distribution of 
Ae. japonicus japonicus on a regional scale in its native 
area [9, 24, 25], as well as outside of its area of origin 
[26–29]. However, knowledge gaps exist with respect to 
its occurrence and spread at the local level. Questions 
remain regarding the effect of land use types on ovipo-
sition and larval habitat quality and stability as well as 
population dynamics of the subspecies, particularly in 
relation to native mosquito taxa. As the distribution of 
the Asian bush mosquito is patchy in Germany, factors 
promoting or inhibiting its dispersal might exist at the 
landscape level [30, 31]. This has been documented in 

other countries, with Ae. japonicus japonicus showing 
a preference for rural areas in the USA [26] and avoid-
ance of large forests (bigger than 500 ha) and large 
areas of arable land in Hungary [32].

Observations on mosquito oviposition and larval habi-
tat preference conducted decades ago identified eury-
oecious, e.g. Culex pipiens s.l. and Culiseta annulata 
(Schrank, 1776), and rather specialised taxa, e.g. Anoph-
eles plumbeus Stephens, 1828 and Aedes geniculatus 
(Olivier, 1791), whose larvae are primarily found in tree 
holes [33, 34]. As these taxa are also known to use artifi-
cial containers for oviposition [33–36] their developmen-
tal stages can be expected to be found syntopically with 
the Asian bush mosquito. Habitat sharing of Ae. japoni-
cus japonicus larvae and pupae with native taxa, however, 
has not been studied before in Germany. Transitional 
areas between different land use types generally have a 
special significance for the occurrence of adult mosqui-
toes due to their high structural diversity [37], but were 
not considered in previous studies on the oviposition 
habitat preference of mosquito species [34, 35].

Hence, the aim of the present study was to investigate 
the ecology of Ae. japonicus japonicus and co-occurring 
native taxa with the focus on trapping sites selected for 
oviposition and larval site characteristics. In particular, 
we hoped to elucidate whether the seasonal mean air 
temperature influences oviposition phenology, and thus 
induces differences in the seasonal presence of mosquito 
taxa. Another aim of this study was to check if specific 
water temperature ranges regulate the occurrence of 
larvae of Ae. japonicus japonicus and/or native species. 
Furthermore, it was tested if land use type affects ovipo-
sition activity, resulting in different abundances of ovit-
raps positive for the specific mosquito taxa at and around 
transition zones between forest (types), arable land and 
settlements. Finally, we studied if water temperature, 
tree species, land use-dependent trap location and co-
occurrence of native mosquitoes can be used in a gener-
alised linear model as predictors for the occurrence of Ae. 
japonicus japonicus-positive oviposition traps.

More detailed information on the oviposition and lar-
val habitat preference of Ae. japonicus japonicus should 
provide a basis for more targeted monitoring measures, 
occurrence and dispersal models, risk analyses and inte-
grated control measures for this subspecies [13, 16, 38].

Materials and methods
Study sites
The field studies were conducted in western Germany in 
several areas close to the river Rhine in the federal state 
of North Rhine-Westphalia. The 2017 study sites were 
located in and around the cities of Dormagen and Alfter 
(Additional file  1: Figs. S1 and S2). The landscape of 
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Dormagen is shaped by arable land, settlement and com-
mercial areas as well as by small forest patches. Alfter is 
almost completely surrounded by a large forest, open-
ing only to the east to areas dominated by arable land. In 
2018, the study sites were located in the Rhein-Sieg-Kreis 
district in the south of the federal state of North Rhine-
Westphalia, specifically in Alfter, Bonn Süd, Heimer-
zheim, Buschhoven, Siegburg, Lohmar and Troisdorf 
(Fig. 1).

Trap installation
In 2017, one hundred black plastic cups (400 ml volume, 
12 cm high, 8 cm wide) (Bamaplast, Pieve a Nievole, 
Italy) and one hundred drilled logs of European beech 
(Fagus sylvatica) were distributed as possible oviposition 
habitats for mosquito species whose larvae can be found 
in artificial containers or tree holes. The beech logs [con-
structed from trees from a forest in Schönholz, Branden-
burg (52.7950N, 13.7609E)] were approximately 20 cm 
long and 15 cm wide with a drilled hole 12 cm deep and 
eight cm wide, comparable to the dimensions of the plas-
tic cups. The logs were sealed on the bottom with seal-
ant (silyl modified polymer; Master-Fix; Toom, Cologne, 
Germany) to prevent drainage of the water. Both types of 
container, henceforth referred to as ‘ovitraps’, were filled 
with 400 ml water, collected from a nearby quarry pond 
in Dormagen (51.0938N, 6.7831E) and filtered through 
a microstrainer with a mesh size of 0.03 cm × 0.03 cm. 
Each plastic cup was equipped with a masonite stick as 
an additional oviposition substrate, the function of which 
was met by small cracks and crevices inside the bore hole 
of the wooden logs. The two types of ovitrap were placed 
along 20 transects; there were five trap sites per tran-
sect, and one cup and one log were placed at each site in 
2017. To mitigate the effect of missing or toppled traps 
on the analysis of the results, three cups were set per 
site in 2018. Each 200 m-transect spanned two adjacent 
land use types, with half (100 m) of the transect in each 
(Fig. 2), following the method of Reiskind et al. [37].

Three different types of transects—arable land–forest, 
forest–settlement, and arable land–settlement—were 
established three times each in the same way at the study 
sites Dormagen (Additional file  1: Fig. S1) and Alfter 
(Additional file 1: Fig. S2).

In order for an area to qualify as representative of one 
of the required land use types, at least 90% of the area had 
to comprise that specific land use type (100  m radius). 
One transect was located in the centre of each study site 
(settlement–settlement), which to our knowledge did not 
contain, and was at least 500 m away from, natural ovi-
position sites (i.e. forested areas), to check if specimens 
of Ae. japonicus japonicus colonised the settlement area. 
Due to difficulty in finding an appropriate location for 

the third transect—arable land–settlement—in Dorma-
gen, the ovitraps were placed in an urban park, resulting 
in two settlement–settlement transects at this site. After 
they were set up on 28 April, the ovitraps were examined 
at intervals of 3 weeks, six times in total (18 May to 31 
August).

In 2018, two hundred and seventy ovitraps with 
masonite sticks were placed on 18 transects (Fig.  1). 
Based on the 2017 field study results, transects were 
selected with transition zones between settlement areas 
and three different types of forest. The forested areas 
were pre-selected using QGIS based on Authorative 
Topographic-Cartographic Information System data [39] 
and were included when more than 90% of the transect 
was covered by a specific type of tree, i.e. deciduous or 
coniferous. Mixed forests were defined as consisting of 
approximately 50:50 deciduous:coniferous tree species. 
Following the guidelines of the European Centre for Dis-
ease Prevention and Control [40], three ovitraps in each 
trapping site within the transects were filled with water, 
which was taken from a spring in Alfter (50.72722N, 
7.00944E). After they were set up on 10 April, the ovit-
raps were examined every 3 weeks, ten times in total (30 
April to 6 November). The species and number of trees 
were noted in a 10  m-radius around the individual trap 
sites. Air temperature was monitored hourly for all field 
studies using data loggers (EBI 20-TH1; Xylem Analytics, 
Ingolstadt, Germany), which were fixed with wire onto 
the stem of a shrub or trunk of a tree or on a stick at a 
height of approximately 30 cm, close to a trap. One data 
logger was placed at each trap location on three selected 
transects of all transect types. Maximum, minimum 
and mean air temperatures were calculated from hourly 
measurements taken in the week before sampling until 
the sampling date. As the data loggers on two transects 
produced errors, we used data from the third transect 
(site Bonn Süd, 50.69317N, 7.05195E). As the tempera-
ture differences between the trap locations were small, 
we calculated the mean from the data loggers of this 
transect. Water temperature was measured in each ovit-
rap with a digital thermometer (scaling 0.1 °C; Sainlogic, 
London, United Kingdom) during the process of sam-
pling (8 a.m. until 8 p.m.).

Sampling procedure
The examination of a trap location is herein referred to 
as ‘sampling’, independent of the presence or absence of 
mosquito eggs, larvae or pupae. Dried or toppled ovitraps 
were excluded from further analysis, while missing traps 
were replaced. If the trap water contained any larvae or 
pupae, these were transferred to a glass jar along with the 
remaining trap water which, if necessary, was adjusted 
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to 100 ml volume (positive sample). Otherwise, the trap 
water was discharged, and the ovitraps were refilled with 
fresh water (negative sample). The masonite sticks were 
checked for eggs in the field; when present, the eggs were 
taken to the laboratory and put into water for the larvae 
to hatch (the sample was considered positive when lar-
vae hatched). Removed sticks were replaced. The larvae 
and pupae were maintained in the laboratory until the 
emergence of adults, which were captured and stored in 
vials at −20 °C. All adults and dead larvae were identified 
morphologically using the keys of Becker et al. [41] and 
Schaffner et al. [42]. For comparative analysis, the num-
bers of adults hatched from collected eggs, larvae and/or 

pupae per trap were recorded. A sample in which many 
eggs collapsed or all of the larvae died during transport 
or in the laboratory was included in the dataset as posi-
tive for the specific mosquito taxa. Twenty-two Cx. pipi-
ens s.l. individuals of randomly selected samples of all 
studied land use types were determined genetically to 
species and biotype level by real-time polymerase chain 
reaction (PCR) targeting the ace2 and CQ11 microsatel-
lite loci [43].

The number of ovitraps colonised by mosquito speci-
mens related to the total number of ovitraps indicated 
the occurrence of the respective species {container index 
(CI), also known as deposit index [44]}. We followed 

a

b

Fig. 1  a Study sites in the south of North Rhine-Westphalia, Germany in 2018. Forest types (different shades of green) follow Authorised 
Topographic-Cartographic Information System data [39]. b Details of study site Bonn Süd, with three transects and their respective trap locations 
(different colours represent different land use types). See Additional file 2: dataset S1 for coordinates of trap locations. Background map from http://
www.opens​treet​map.org (OpenStreetMap contributors). The map was produced with QGIS version 3.2

http://www.openstreetmap.org
http://www.openstreetmap.org
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Focks [45] in the interpretation of these data, who catego-
rised the CI according to density, i.e. a CI of 1–9 indicates 
a low density, 10–27 a medium density and > 27 a high 
density. The distribution of land use (the proportions of 
arable land, forest or settlement in a 100 m-radius around 
the trap location) was calculated using QGIS version 3.2 
(with functions buffer and union). This was also used for 
the figures showing the trap locations at the respective 
study sites. Differences between land use types and trap 
locations were tested using Fisher’s exact test with post 
hoc adjustment using the Benjamini and Yekutieli correc-
tion [46]. Data management, statistics and diagrams were 
done using Microsoft Excel 2010, IBM SPSS 22.0 and R 
Studio 1.1.383 with R version 3.6.0 [47] using the pack-
ages foreign [48], readxl [49] and rcompanion [50].

Statistical analysis
The distribution of mosquito taxa along the environmen-
tal gradients was analysed with a canonical correspond-
ence analysis (CCA) using R package vegan [51], applying 
the environmental data (proportions of arable land, for-
est, settlement area) as the predictors and site-specific 
mosquito occurrence data as the response in linear 
combinations. The gradient axes represent linear com-
binations of the environmental variables, and maximum 
abundance of the taxa is represented by points calculated 
near the corresponding axes [52].

To test the effects of several predictor variables on Ae. 
japonicus japonicus occurrence, we firstly pre-selected 
different models (Gaussian, Poisson, negative binomial 
and zero-inflated) and tested model fit by comparing 
Akaike information criterion (AIC) values and rootogram 
output [53, 54]. As predictors, information collected dur-
ing field studies, such as water temperature, occurrence 
of native taxa, location of the trap according to land use 

type and number of tree species in a 10 m-radius of the 
trap locations was used (for the full list of variables, see 
Table 3).

The test for multicollinearity by calculation of variance 
inflation factors returned values of <  4 for all predictor 
variables. For the most accurate model, R2- and adjusted 
R2-values were calculated following Nagelkerke [55]. 
Logistic regression of the proportional occurrence of Ae. 
japonicus japonicus vs. the most abundant native taxa 
was calculated after the method of Byrd et al. [23] with 
quasibinomial distribution. Models and visualisations 
were conducted with R packages car [56], countreg [57], 
cowplot [58], ggplot2 [59], MuMIn [60] and pscl [61].

Results
Trap type preference and co‑occurrence of mosquito taxa
As we did not obtain a statistically significant effect of 
trap type on the frequency of Ae. japonicus japonicus-
positive ovitraps (Fisher’s exact test: two sided, P = 
0.093), respective counts were summarised for each trap 
location. In 2017, we did 1000 samplings, of which 372 
were excluded from further analysis as the traps con-
tained no water, mostly due to high temperatures and 
desiccation during the summer. As the first examination 
revealed no mosquito-positive ovitraps, all samplings 
from this date were excluded from further analysis, 
resulting in valid samplings from five examination dates. 
We discovered eggs, larvae and pupae of four different 
mosquito taxa in 381 ovitraps, resulting in 60.7% mos-
quito-positive traps of all analysable traps. Ae. japonicus 
japonicus was found in 85 and 12 samplings in Alfter 
and Dormagen, respectively, totalling 15.4% of all ana-
lysable samplings (Table 1). Cx. pipiens s.l. was detected 
in 199 samplings, corresponding to 31.7% of all samples, 
and significantly more frequently in plastic cups (36% 
traps positive) than in wood blocks (25% traps positive) 
(Fisher’s exact test: P = 0.004). Furthermore, 47 ovitraps 
contained An. plumbeus (7.5% of all samples) and 38 Ae. 
geniculatus (6.1% of all samples). Eighty ovitraps (21.0% 
of all analysable traps) were colonised by more than one 
species (Table 1). In most cases (n = 24), Cx. pipiens s.l. 
and Ae. japonicus japonicus were found in the same trap, 
followed by the combinations Cx. pipiens s.l. and An. 
plumbeus (n = 12), and Ae. japonicus japonicus and An. 
plumbeus (n = 10) (Additional file 1: Table S1).

In the 2018 field study, 532 of the 2700 samplings 
were discarded from the analysis because the ovitraps 
dried up, were knocked over by animals or removed by 
humans. Ae. japonicus japonicus was the most frequently 
trapped mosquito taxon and found in 441 (20.3%), Cx. 
pipiens s.l. in 284 (13.1%), An. plumbeus in 137 (6.3%) 
and Ae. geniculatus in 19 (0.9%) out of 2168 samples 
(Table 1). Of 882 positive ovitraps (40.7% of all analysable 

100m 10m

Habitat 1

F100

Habitat 2

S100

Transition zone

F/S

Trap
location

F10 S10

Fig. 2  Setup of the transects. Trap locations range from oviposition 
habitat 1 (land use types—arable land, forest or settlement) through 
the transition zone into oviposition habitat 2 (land use types—forest, 
settlement or arable land). F100 Forest, 100 m from the transition 
zone; F10 forest, 10 m from the transition zone; F/S transition zone; 
S10 settlement, 10 m from the transition zone; S100 settlement, 100 m 
from the transition zone
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traps), 175 contained two and 31 three different mosquito 
taxa (23.4% of all analysable traps). Syntopic occurrence 
was observed most frequently for An. plumbeus (83.0 
and 82.5% in 2017 and 2018, respectively), followed by 
Ae. geniculatus (65.8 and 57.9%), Ae. japonicus japonicus 
(57.7 and 40.8%) and Cx. pipiens s.l. (29.1 and 48.8%) as 
additional species (Table 1). In most cases (n = 84), Cx. 
pipiens s.l. and Ae. japonicus japonicus were found in the 
same trap, followed by the combinations Ae. japonicus 
japonicus and An. plumbeus (n = 58), and Cx. pipiens s.l. 
and An. plumbeus (n = 24) (Additional file 1: Table S1). 
Habitat sharing was most common in the forest–settle-
ment transect, with the combination Cx. pipiens s.l. and 
Ae. japonicus japonicus [n = 19 at the forest trap location 
10 m from the transition zone (F10) and at the settlement 
trap location 10 m from the transition zone (S10), respec-
tively] and the combination Ae. japonicus japonicus and 
An. plumbeus [n = 18 at trap location F10 and n = 20 at 
the forest trap location 100  m from the transition zone 
(F100)] (Additional file 1: Table S1).

Effects of air temperature on oviposition
To analyse the seasonal occurrence of the mosquito taxa, 
we used mosquito collection data from April to Novem-
ber 2018, as the field study in that year started earlier 
and ended later than the 2017 field study. A warm Janu-
ary with an above-average mean temperature (3.8 °C) in 
North Rhine-Westphalia with large frost-free regions in 
the study area was followed by an unusually sunny and 
dry February with a mean temperature of −0.9 °C [62]. 
The mean temperature in March was 3.8 °C; there were 
two periods of frost in March, at the beginning and in 
the middle of the month [62]. With the warmest April 
since records started in 1881 (mean of 12.8 °C in North 
Rhine-Westphalia) [62]), spring and summer began 
almost simultaneously. May was also warmer than usual 

(compared to the mean of the international reference 
period from 1961 to 1990), and some thunderstorms pro-
vided the region with plenty of rain [62]. The summer 
(June–September) was characterised by low precipitation 
(115 l/m2; cf. 240 l/m2 for 1961–1990), a lot of sunshine 
(740 h; cf. 554 h for 1961–1990) and a mean tempera-
ture of 19.3 °C (cf. 16.3 °C for 1961–1990) [62]. This trend 
continued into the beginning of October. By the end of 
October the temperatures dropped considerably and 
reached below zero between 16 October and 6 November 
(authors’ measurements; Fig. 3).

After two inspections in April and May where no or 
very few mosquito eggs, larvae or pupae were recorded, 
a considerable increase in the number of positive traps 
was recorded in early summer, which peaked at the end 
of July (Fig.  3). The maximum air temperature, 36.6 °C, 
was never measured for more than 1 h at Ae. japonicus 
japonicus-positive trap locations. In spite of air tempera-
tures of ca. 40 °C, water temperatures of up to 30 °C, and 
60% of the ovitraps drying up, many of the ovitraps were 
colonised by all four mosquito taxa in August, before the 
proportion of native mosquitoes declined till late Sep-
tember, in contrast to Ae. japonicus japonicus. When the 
mean temperature dropped below 14 °C, Ae. japonicus 
japonicus numbers also decreased, until only two ovit-
raps were found to be occupied by this subspecies during 
the last trap inspection.

The seasonal occurrence of Ae. japonicus japonicus 
eggs, larvae or pupae showed two major, statistically sig-
nificantly different groups (Fisher’s exact test: P < 0.0001): 
spring (April/May) and autumn (October/November) 
[low numbers of positive ovitraps (< 5%)]; and summer 
(from 12 June until 25 September) [high numbers of posi-
tive ovitraps (> 25%)]. P-values of comparisons for sam-
pling dates which indicated no significant differences are 
included in Additional file 1: Table S2.

Table 1  Total number and percentages of positive samples and occurrence of mosquito species per trap

Calculations based on a total of 628 samples in 2017 and 2168 samples in 2018. The number of positive ovitraps with more than one species divided by the total 
number of positive ovitraps represents the portion of positive ovitraps with multiple species. See Additional file 1: Table S1 for all combinations of species and 
Additional file 2: dataset S1 for all samplings

Study Aedes japonicus 
japonicus

Culex pipiens s.l. Anopheles 
plumbeus

Aedes geniculatus Total

2017 Total positive traps (n) 97 199 47 38 381

Positive traps/analysable traps (%) 15.4 31.7 7.5 6.1 60.7

Traps multiple species (n) 56 58 39 25 80

Multiple species/positive traps (%) 57.7 29.1 83 65.8 21

2018 Total positive traps (n) 441 285 137 19 882

Positive traps/analysable traps (%) 20.3 13.1 6.3 0.9 40.7

Traps multiple species (n) 180 139 113 11 206

Multiple species/positive traps (%) 40.8 48.8 82.5 57.9 23.4
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Effects of land use type on oviposition: 2017 field study
The CI of the forest–settlement transect showed the 
highest number of ovitraps positive for Ae. japonicus 
japonicus at both study sites (43% in Alfter, 10% in Dor-
magen) (Additional file 1: Table S3). The transition zone 
in this transect featured the most Ae. japonicus japoni-
cus-positive ovitraps, with 66% in Alfter and 28% in Dor-
magen (Additional file  1: Table  S3). Significantly fewer 
Ae. japonicus japonicus-positive ovitraps were detected 
along the arable land–forest (Fisher’s exact test: P = 
0.0045; 27% in Alfter, 3% in Dormagen), and arable land–
settlement transects (Fisher’s exact test: P < 0.0001; 3% in 
Alfter, 2% in Dormagen) and none along the settlement–
settlement transect.

The most frequent mosquito taxon in the ovitraps, Cx. 
pipiens s.l., was found at almost every location (mean CI 
15–50%), with no significant differences between trap 
locations related to transect types (Fisher’s exact test: P 
= 1.00 for arable land–forest, arable land–settlement and 
forest–settlement). The real-time PCR of selected Cx. 
pipiens s.l. samples indicated seven Culex pipiens biotype 
pipiens Linnaeus 1758 and 15 Culex torrentium Martini 
1925, with the first originating from traps in arable land, 
forest or transition zones between forest and arable land 
or forest and settlements. The Cx. torrentium samples 
were from trap locations in all studied land use types, 
including the centre of the settlement areas. Both taxa 
occurred in samples taken in June, July and August.

The transition zone in the forest–settlement transect 
and a trap site 10 m into the forest exhibited the high-
est numbers of An. plumbeus-positive ovitraps. Similarly 
high numbers were found along the arable land–forest 
transect at the trap locations 100 m into the forest and 10 
m into the forest. Ae. geniculatus constituted the least fre-
quent mosquito species in the ovitraps at the study sites. 
It occurred mainly at trap locations in the forest (Addi-
tional file 1: Table S3). Despite the large-scale landscape 
differences, the mosquito-positive ovitraps were similarly 
distributed on a smaller scale between the study sites (i.e. 
on the specific transects), according to the CCA (Fig. 4). 
In summary, Ae. japonicus japonicus mainly occurred in 
the forest–settlement transition zone, An. plumbeus and 
Ae. geniculatus in the forest and Cx. pipiens s.l. closer to 
arable land and the settlement area.

Effects of land use type on oviposition: 2018 field study
Ae. japonicus japonicus-positive ovitraps occurred signif-
icantly more frequently (Fisher’s exact test: P = 0.0021) 
in the forest–settlement transition zone than in the set-
tlement area, irrespective of forest type (Fig. 5).

We found 10–15% ovitraps positive for Cx. pipiens s.l., 
with no significant differences between trap locations 
[Fisher’s exact test: P = 1.00 for F100 vs. F10, F100 vs. 
F/S, F10 vs F/S, F100 vs. settlement trap location 10  m 
from the transition zone (S100), S10 vs. S100; P = 0.78 
for F/S vs. S100; P = 0.53 for F100 vs. S10; P = 0.29 for 
F10 vs. S100; P = 0.23 for F/S vs. S10; P = 0.07 for F10 
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vs. S10]. The ovitraps positive for An. plumbeus and Ae. 
geniculatus were mainly located in the forest, with sig-
nificantly fewer ovitraps positive in the settlement area 
(there were only sufficient numbers of samples for sta-
tistical analysis for An. plumbeus; Fisher’s exact test: P = 
0.0009 for S10 and S100 compared to F100, F10 and F/S). 
According to heatmaps showing the seasonal variance 
of the land use-dependent occurrence of the mosquito 
taxa (Additional file 1: Fig. S3), the first Ae. j. japonicus-
positive ovitraps were found in S10 and in the forest, Cx. 
pipiens s.l. was recorded first in the settlement area, and 
An. plumbeus in the forest and the transition zone. From 

24 July to 4 September, the three taxa occurred in all land 
use types. In autumn, Ae. j. japonicus appeared mainly in 
the transition zone, whereas the last few ovitraps positive 
for Cx. pipiens s.l. were found in the settlement area and 
those positive for An. plumbeus primarily in the forest. 
The occurrence of mosquito taxa differed only slightly 
between trap locations in different forest types, and no 
taxon showed a significant preference (Fisher’s exact 
test: P = 0.72 for Ae. japonicus japonicus in deciduous vs. 
coniferous, P = 0.41 for coniferous vs. mixed, P = 0.16 
for mixed vs. deciduous forest; P = 1.00 for Cx. pipiens 
s.l. irrespective of forest type; P = 1.00 for An. plumbeus 
in deciduous vs. coniferous and mixed vs. deciduous for-
est, P = 0.39 for coniferous vs. mixed forest).

High numbers of positive ovitraps were observed for 
Ae. japonicus japonicus during the summer along the for-
est–settlement transect, with very high CIs in the tran-
sition zone (Additional file 1: Fig. S3). Medium numbers 
were found at the end of September 2018 and along the 
forest–arable land transect. Analysis of ovitraps sampled 
in May, October and November and along the arable 
land–settlement and settlement–settlement transects 
showed low CIs (Additional file 1: Table S3 and Fig. S3).

Effects of water temperature on oviposition
The maximum water temperature of Ae. japonicus 
japonicus-positive ovitraps amongst all measurements 
(2017–2018) was 28.6 °C on 24 July 2018 (Table  2). Cx. 
pipiens s.l. occurred more frequently in ovitraps with 
higher water temperature compared to Ae. japonicus 
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japonicus and vice versa. The lowest observed water tem-
perature in Ae. japonicus japonicus-positive ovitraps was 
5.3 °C on 25 September 2018. In total, 39 Ae. japonicus 
japonicus-positive ovitraps were recorded with a water 
temperature < 10 °C. According to the 2017 data of the 
forest–settlement transect and 2018 data collected from 
23 May to 25 September, the probability of oviposition by 
Cx. pipiens s.l. increased with rising temperatures, and 
the odds of collecting Ae. japonicus japonicus decreased 
by 0.48/1 °C (t-test, t(683) = − 3.98, P < 0.0001). At 25 °C, 
the regression lines of the two taxa cross, with a probabil-
ity proportion of 0.5 (Fig. 6). 

Effects of water temperature, tree species, trap location 
and native mosquitoes on oviposition of Ae. japonicus 
japonicus
The negative binomial model returned the lowest AIC 
results relative to the other methods (for AIC-values and 
rootograms see Additional file  1: Fig. S4) and was used 
further. Four significant predictors (R2 = 0.2773, adjusted 
R2 = 0.2785) were positively associated with Ae. japoni-
cus japonicus counts: mean temperature, use of the same 
microhabitat as an oviposition site by An. plumbeus, and 
two trap locations—one in a transition zone (F/S) and 
one 10 m from the transition zone towards a settlement 
(10S) (Table 3). Hence, with increasing mean water tem-
perature the expected count of ovitraps positive for Ae. 
japonicus japonicus increased (by e0.2126 = 1.2369) and 
the use of a trap location for oviposition by An. plumbeus 
multiplied the expected count (by the factor e0.5999 = 
1.8219). Similarly, positive effects were caused by trap 
location at or near a transition zone, 10 m into the settle-
ment area.

 The numbers of the most abundant tree species had no 
significant effect on the frequency of ovitraps containing 
Ae. japonicus japonicus (Table 3). Thus, specific tree spe-
cies did not have an effect on the oviposition of the Asian 
bush mosquito in this study.

Discussion
The taxa that most frequently colonised the traps in this 
study were Cx. pipiens s.l. and Ae. japonicus japonicus, 
followed by An. plumbeus and Ae. geniculatus (Table 1). 
Whereas Cx. pipiens s.l. occurred mainly in the summer 
without showing a preference for land use-related ovi-
position, An. plumbeus and Ae. geniculatus were found 
almost exclusively at trap locations in the forest (Fig. 5). 
When the numbers of native mosquitoes dropped at the 
end of September, up to 30% of all traps were still found 
to be Ae. japonicus japonicus-positive (Fig. 3). This inva-
sive subspecies occurred more frequently at rural com-
pared to suburban sites and was more prevalent in the 
transition zone between forest and settlement areas com-
pared to trap locations in other land use types (Additional 
file 1: Table S3). An. plumbeus shared an oviposition and 
larval microhabitat more often with Ae. japonicus japoni-
cus than with the other native species (Table  3; Addi-
tional file  1: Table  S1). Temperatures higher than 30 °C 
and the arable land and settlement land use types seemed 
to have a negative effect on the occurrence of Ae. japoni-
cus japonicus (Fig. 6; Additional file 1: Table S3).

Ae. japonicus japonicus has spread across large regions 
of Germany in the 11 years since its first known occur-
rence in the country [13, 16, 63]. This subspecies is reg-
ularly reported during active or passive monitoring in 
densely populated regions like North Rhine-Westphalia 
[13, 64]. This is reflected in our transect data for 2018, 
where Ae. japonicus japonicus occurred at all the study 
sites at least once during the sampling period. However, 
our results indicate large differences in the occurrence 
of the Asian bush mosquito on a regional and local scale, 
depending on the degree of rurality or suburban charac-
ter of a region, and especially regarding the mosquito’s 
preference for, and avoidance of, specific land use types.

Phenology
The low numbers of mosquito-positive traps in spring 
(Fig.  3; Additional file  2: dataset S1) were probably due 

Table 2  Maximum temperature of water (°C) in the mosquito-positive ovitraps during the field studies at the different study sites

n.n. Species not present

Study Site Ae. japonicus japonicus Cx. pipiens s.l. An. plumbeus Ae. geniculatus

2017 Alfter 26.8 34.7 31.3 20.3

Dormagen 22.1 27.2 17.3 21.7

2018 Alfter 22.6 19.8 20.6 n.n.

Bonn Süd 24.7 24 17.3 n.n.

Heimerzheim 24.3 24.6 23.2 22.7

Lohmar 28.6 25.8 28.6 16.6

Siegburg 25.8 30 27 23.1

Troisdorf 26.8 27.7 25.2 n.n.
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to two late frost events in March, during which emerg-
ing adults from overwintering larvae or larvae hatched 
from overwintering eggs of Ae. japonicus japonicus could 
have been killed. The month of April was very warm but 
too dry to induce egg hatching. Only in May did thun-
derstorms with intense rainfall occur, which presumably 
refilled natural and artificial oviposition habitats suffi-
ciently to enable comprehensive hatching of overwinter-
ing eggs.

The maximum number of traps positive for mosquito 
taxa ovipositing in containers were counted in sum-
mer, at the end of July 2018. Ae. japonicus japonicus 
was found in 50% of all samples and remained the most 
common mosquito taxon at the study sites until the end 
of September. By that time, native taxa were much less 
common, presumably due to the decreasing tempera-
tures in autumn. Our research corroborates previous 
findings [9, 26, 65] that Ae. japonicus japonicus is well 
adapted to temperate climates (temperate oceanic and 
humid continental climate after improved Köppen-Gei-
ger classification [66]) and better able to develop at lower 
temperatures than many native taxa [34, 35]. This adap-
tion gives this newcomer an advantage over competing 
indigenous mosquito taxa. The numbers of Cx. pipiens 
s.l.-positive traps decreased with falling temperatures in 
the end of summer (Fig. 3), which was also observed in a 
study from Italy [67].

Aedes j. japonicus
proportion  

Culex pipiens s.l.
proportion  

Aedes j. japonicus
probability

Culex pipiens s.l.
probability

95 % Confidence 
interval

Fig. 6  Logistic regression of probability proportion of adults hatched from larvae of Cx. pipiens s.l. vs. Ae. japonicus japonicus collected at the 
specified temperatures. Data from 2017 and 2018 (23 May to 25 September) for ovitraps located along the forest–settlement transect. Function jitter 
was used for taxa proportion data to improve visibility [85]

Table 3  Coefficients and statistically significant output of 
predictor variables as calculated by the generalised linear model

Characteristics: negative binomial, link = log, z-values calculated by Wald-test. 
Response variable: total of Ae. japonicus japonicus-positive ovitraps per location

Predictors: Temp_mean = Mean water temperature, binary native taxa 
occurrence: Cxbin = Cx. pipiens s.l., Plbbin An. plumbeus, land use data: 
percentage forest: F100 = 100% forest, F10 = 60% forest, F/S = 50% forest, S10 
= 40% forest, number of tree species in a 10 m radius of the trap locations (the 
tree species occurred in more than five transects): Nrbu: Fagus sylvatica, Nhbu: 
Carpinus betulus, Ngbi: Betula pendula, Nsei: Quercus robur, Ntei: Quercus petreae, 
Ngfi: Picea abies, Ngki: Pinus sylvestris

* P < 0.05

Estimate SE Z-value P

(Intercept) − 29.890 15.100 − 19.790 0.0478*

Temp_mean 0.2126 0.0933 22.800 0.0226*

Cxbin 0.2732 0.3148 0.868 0.3854

Plbbin 0.5999 0.2253 26.630 0.0077*

F100 0.4931 0.4826 10.220 0.3068

F10 0.7486 0.4127 18,140 0.0697

F/S 0.8715 0.3728 23.380 0.0194*

S10 10.770 0.3347 32.170 0.0013*

Ngbi 0.0412 0.1157 0.356 0.722

Nhbu 0.0001 0.0251 0.003 0.9972

Ngki 0.0295 0.0432 0.684 0.4941

Nsei − 0.0362 0.0609 − 0.594 0.5528

Ntei − 0.0845 0.0917 − 0.922 0.3566

Ngfi 0.1002 0.0832 12.050 0.2283

Nrbu 0.0648 0.0456 14.200 0.1557
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Land use
According to the results of the present study, Ae. japoni-
cus japonicus appears to prefer the transition zone 
between forest and settlement area as an oviposition hab-
itat (Figs.  4, 5). Traps in the centre of settlement areas, 
500 m away from natural oviposition sites, as well as at 
locations on arable land and settlement areas at a dis-
tance of 100 m from the forest were never or only occa-
sionally colonised (Additional file 1: Table S3). Far fewer 
ovitraps were occupied by Ae. japonicus japonicus at the 
rather suburban site of Dormagen compared to the more 
rural site of Alfter (Additional file 1: Table S3). Ovitraps 
in mixed forests seemed to be more frequently colo-
nised, but the differences were not significant. The first 
Ae. japonicus japonicus-positive traps identified in May 
were in locations in land use types S10 and F100, and 
were presumably due to oviposition by females that had 
developed from eggs overwintering in vases, rain barrels 
or tree holes. With increasing temperatures, the number 
of positive traps increased in all land use types, with a 
maximum at the end of July in the transition zone. Based 
on the decreasing numbers of positive traps, we assume 
that the temperatures in August were above optimum for 
this subspecies at some trap locations (Fig. 3; Additional 
file  1: Fig. S3). In September and October, most traps 
were colonised in the transition zone, continuing the 
trend from July.

These data correlate well with previous studies. Results 
from Japan indicated oviposition mainly in rural and 
more densely vegetated areas [68], but also in ovitraps on 
concrete on the ground close to forests consisting mainly 
of bamboo and oak [24]. In a study carried out in the 
USA, higher numbers of eggs were deposited in ovitraps 
at the forest edge compared to the forest interior [28], 
and higher abundances of pupae occurred in rural com-
pared to urban and suburban areas [26]. In a recent study 
from Hungary, forest patches (smaller than 500 ha) and 
vineyards were positively correlated with the occurrence 
of Ae. japonicus japonicus, and it was assumed that these 
areas represent corridors and larger continuous forests 
and arable land barriers for the spread of the subspe-
cies [32]. This conjecture, together with the results from 
our study, could be an explanation for the slow spread of 
the subspecies in the federal state of Lower Saxony [65], 
whose landscape is mostly shaped by agriculture, and its 
absence in the federal state of Brandenburg [13], whose 
landscape is dominated by large coniferous forests.

Spatial gradients in transition zones influence biotic 
and abiotic conditions such as microclimate (e.g. for-
est interiors are cooler than forest edges, and winds are 
weaker and less turbulent) or biotic factors (e.g. more 
leaf litter is found in forest interiors compared to forest 
edges) [69]. Some of these indirect effects of different 

land use types may be the main reasons for the oviposi-
tion preferences of mosquitoes. Hot areas in arable land 
and settlements could act as a temperature barrier for the 
distribution of Ae. japonicus japonicus, as the subspecies 
was only rarely found in the present study in these types 
of land use. The increased number of positive traps in the 
forest and in transition zones compared to arable land 
and settlement area suggests that Ae. japonicus japoni-
cus is a forest-related taxon. However, oviposition at 
places penetrating 10 m into apparently unsuitable areas 
(arable land, settlement area) indicates the readiness of 
Ae. japonicus japonicus to use artificial oviposition sites 
that are more distant from the forest, which could give 
the introduced subspecies an advantage over more con-
servative native forest species like An. plumbeus and Ae. 
geniculatus.

In the present study, Ae. japonicus japonicus showed 
no preference for artificial (plastic cups) or natural (logs 
of beech) trap types, but Cx. pipiens s.l. was found sig-
nificantly more frequently in artificial traps. Cx. torren-
tium was found at trap locations in all land use types. 
This could be due to the eurytopic character [33] or the 
strong dispersal capacity of this species [70]. Based on 
the genetic differentiation of Cx. pipiens samples, a pref-
erence of Cx. pipiens biotype pipiens can be assumed 
for ovitrap locations in (semi)natural environments. In 
Portugal, Cx. pipiens biotype pipiens was observed feed-
ing in shelters used for animals and sylvan habitats [71], 
whereas Cx. pipiens biotype molestus Forskal, 1775 shows 
more stenogamous and anthropophilic behaviour [72]. 
As only a small sample of Cx. pipiens s.l. was tested for 
species and biotype, further research regarding the land 
use preferences of the biotypes of this species complex 
should clarify if the above assumption points in the right 
direction.

The presence of specific tree species had no effect on 
the number of Ae. japonicus japonicus-positive ovitraps. 
The effects of leaf litter on mosquito larvae depend on 
the tree species, and can be beneficial (e.g. when quickly 
decomposing leaves are available) or detrimental (e.g. 
the presence of plant tannins or other phenolics to 
which some mosquito species are sensitive) [73, 74]. We 
hypothesise that taxa like Ae. japonicus japonicus and An. 
plumbeus, whose larvae are regularly found in tree holes, 
are relatively tolerant to many secondary plant com-
pounds (tannins etc.), which would explain that there was 
no observable effect of tree species in the present study.

The use of CI to estimate yellow fever risk [44] has 
been criticised because it does not consider the size and, 
thus, the different productivity potential of containers 
[45]. Despite this, ecological studies use CI as a measure 
of mosquito abundance patterns, preference of oviposi-
tion conditions (shady vs. sunlit areas) or preference of 
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container material (e.g. [75]). The fact that the highest 
CIs for Ae. japonicus japonicus were during the sum-
mer and along the forest–settlement transect underpins 
the preference of this subspecies for this season and 
land use type. Based on these findings, further studies 
should incorporate sampling of available oviposition sites 
(e.g. rain water barrels, discarded tyres, flower vases) to 
give a more accurate estimation of oviposition habitat 
preference.

Temperature and co‑occurrence
In the present study, larvae of Ae. japonicus japoni-
cus were never found in traps with water temperatures 
higher than 29 °C. The maximum constant water temper-
ature for the development of larvae of a North American 
Ae. japonicus japonicus strain in the laboratory was 28 
°C, and larvae survived until the third instar at 34 °C [20]. 
In a recent laboratory study from Germany, the mean 
mortality rate of larvae at a constant maximum of 31 °C 
was 87.5% [21].

The logistic regression analysis of the water tempera-
ture-dependent proportion of Ae. japonicus japonicus vs. 
Cx. pipiens s.l. revealed a preference of the introduced 
subspecies for colder temperatures, in contrast to warmer 
water temperatures with significantly higher proportions 
of the native taxon (Fig. 6). Depending on the oviposition 
and larval habitat, this can result in an advantage for Ae. 
japonicus japonicus (in the transition zone between for-
est and settlement area) at water temperatures up to 25 
°C, whereas Cx. pipiens s.l. (in this case presumably Cx. 
torrentium) is apparently well adapted to other land use 
types unaffected by temperature, as demonstrated by its 
corresponding higher proportions. Independent of cli-
mate change scenarios, and unlike Ae. japonicus japoni-
cus, Cx. pipiens s.l. generally benefits from warm water 
temperatures in natural or artificial containers. Depend-
ing on the container type (e.g. tree hole at the base of a 
trunk), the water temperature may be much lower than 
the air temperature, resulting in a microhabitat offering 
shelter for eggs and/or larvae from extreme tempera-
tures [76]. Utilisation of such microhabitats may help Ae. 
japonicus japonicus to survive hot summers, like those in 
2018 and 2019.

So far, studies on competition between Ae. japonicus 
japonicus and native mosquito species have not been 
conducted in Germany, but a slight advantage of Cx. pipi-
ens biotype molestus over Aedes albopictus (Skuse, 1895) 
was detected in one study [77]. In the present study, 
co-occurrence was observed for all four mosquito taxa 
(Table  1), and most frequently for An. plumbeus. The 
results from the generalised linear model (Table 3) con-
firmed that An. plumbeus and Ae. japonicus japonicus 
use similar types of microhabitats as oviposition sites. In 

the laboratory, we observed that larvae of Ae. japonicus 
japonicus usually hatched quickly when the eggs were 
submerged in water; even contact with moist paper tis-
sue induced eclosion. In contrast, larvae of An. plumbeus 
were noticed mostly after the pupation of Cx. pipiens s.l. 
and Ae. japonicus japonicus. During and after the emer-
gence of adult mosquitoes the water became cloudy, 
probably due to increased microbial activity resulting in 
a decreasing amount of dissolved oxygen, a known hatch-
ing stimulus for many Aedes species ovipositing in artifi-
cial and natural containers [78]. In contrast, the invasive 
species Aedes aegypti (Linnaeus, 1762), Ae. albopictus 
and Ae. japonicus japonicus are able to eclose immedi-
ately after contact with tap water or deionised water [21, 
79, 80], although the hatching rate of the two former spe-
cies is much higher in nutrient broth [81]. Their ability 
to eclose at normal concentrations of oxygen gives them 
temporal advantage over many native species, in this case 
An. plumbeus and Ae. geniculatus.

Ae. japonicus japonicus is able to coexist with other 
mosquito species in many larval habitats. In our study, 
this invasive subspecies was found frequently in traps 
with An. plumbeus at trap locations in the forest and with 
Cx. pipiens s.l. in all land use types except for the arable 
land–settlement transect (Additional file  1: Table  S1). 
Co-occurrence of larvae of the Asian bush mosquito was 
also reported for Culex hortensis Ficalbi, 1889, Cx. pipi-
ens s.l., Ae. albopictus, Culiseta longiareolata (Macquart, 
1838), Ae. geniculatus and Culiseta annulata in artifi-
cial microhabitats [82]. The occurrence of Ae. japonicus 
japonicus seems, separate from its land use preferences, 
only limited by higher water temperatures (Table  2), 
which can give an advantage to heat-tolerant larvae of 
native mosquito species (Fig.  6). A similar observation 
was made in the USA, where Ae. atropalpus colonised 
rock pools with temperatures of up to 39.8 °C, in contrast 
to Ae. japonicus japonicus, which was significantly more 
frequent at temperatures of less than 30 °C [23].

In the present investigation we trapped native spe-
cies (Table  1) which are potential vectors of disease 
agents [83]. Individuals of the ornithophilic Cx. pipiens 
biotype pipiens as well as hybrids of this taxon and the 
more anthropophilic Cx. pipiens biotype molestus were 
recently found to be WNV positive in a wildlife park in 
Germany [84]. Although Ae. japonicus japonicus has 
been shown to be an opportunistic feeder in human envi-
ronments [6] and vector competent for various patho-
gens [83], this subspecies is not more or less dangerous 
than native species. Yet, it adds to the risk of becoming 
infected with a pathogen transmitted by a blood-feeding 
insect in Germany.
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Conclusions
The present study revealed the period of main ovipo-
sition activity (June–September), the tolerated water 
temperature range (5–29 °C) and favoured oviposi-
tion habitat (forest–settlement transition zone) of the 
Asian bush mosquito Ae. japonicus japonicus. Accord-
ing to the results of this study, the occurrence of this 
subspecies is not associated with specific tree species, 
which suggests that it has a broad tolerance of second-
ary plant compounds; this may facilitate its spread into 
areas with plants that do not occur in its area of ori-
gin. As the study area lacked large coniferous forests, 
it is recommended that appropriate areas should be 
examined for the presence of Ae. japonicus japonicus 
in Baden-Wuerttemberg or Bavaria, where coniferous 
forests, dominated by European spruce Picea abies, 
are larger and more common. In contrast to container-
inhabiting native mosquito taxa, Ae. japonicus japoni-
cus was demonstrated to colonise most of the traps in 
its preferred oviposition habitat in western Germany. 
Against the background of it being an opportunis-
tic feeder, this underpins its importance as a relevant 
potential vector of WNV. Co-occurring native mos-
quito taxa have shorter seasonal oviposition activity, 
but are able to tolerate higher temperatures (Cx. pipi-
ens s.l.). The frequently co-occurring native species An. 
plumbeus could be used as an indicator for potentially 
suitable oviposition sites for Ae. japonicus japonicus 
in hitherto uncolonised regions. There is no indica-
tion that native mosquito species are displaced by Ae. 
japonicus japonicus. However, this should be studied in 
natural oviposition sites like tree holes and rock pools 
where resources are limited in comparison to large 
artificial containers like rain water barrels or regularly 
refilled vases in cemeteries. The results reported here 
for Ae. japonicus japonicus are in accordance with 
those of studies from other countries, and also confirm 
some assumptions that have been made for modelling 
approaches, e.g. that arable land and water tempera-
tures of more than 30 °C represent distribution barriers 
[38]. It can be concluded that this subspecies appears to 
spread and establish where settlements meet areas with 
small patches of forest, which is the situation in most 
parts of southern and western Germany. In contrast, 
less densely populated regions with areas of land domi-
nated by agriculture or large forests, which is the situa-
tion in large regions of northern and eastern Germany, 
seem to represent distribution barriers to this subspe-
cies. At the present time, this conclusion is supported 
by the known distribution area of the Asian bush mos-
quito in Germany [13]. The new insights presented here 
related to the land use-dependent occurrence of mos-
quitoes, especially regarding transition zones, and the 

consideration of native species, contribute to a better 
understanding of mosquito ecology and provide data 
for more targeted monitoring, distribution modelling 
and risk management of these species.
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(c); mean positive ovitraps per trap location] in relation to trap loca-
tion. F100 Forest, 100 m from the transition zone; F10 forest, 10 m from 
the transition zone; F/S transition zone; S10 settlement, 10 m from the 
transition zone; S100 settlement, 100 m from the transition zone. For the 
number of analysable samplings, see Fig. 3. Fig. S4. Rootograms of the 
model with different distribution types. Akaike information criterion (AIC) 
values: Gaussian = 498.9, Poisson = 538.4, zero-inflated = 483.2, negative 
binomial = 467.5. Table S1. List of traps positive for species and species 
combinations at trap locations in different land use types. C Cx. pipiens s.l., 
J Ae. japonicus japonicus, G Ae. geniculatus, P An. plumbeus, A arable land, 
S settlement area, F forest. Numbers in the description of the trap location 
indicate distance (m) to the transition zone, which is marked by a diagonal 
slash (e.g. A/F indicates arable land–forest transition zone). Species com-
binations represent numbers of traps with the specified taxa in the same 
trap. Table S2. Output of Fisher’s exact test (P-values) for the comparison 
of sampling dates by numbers of traps positive for Ae. japonicus japonicus. 
* P < 0.0001 Table S3. Land use-related oviposition in traps in Alfter and 
Dormagen 2017. For abbreviations, see Table S1. The mean of the portion 
of positive traps was tested between transects (different uppercase letters 
indicate significant difference) and trap locations (different lowercase letters 
indicate significant difference) according to Fisher’s exact test 
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