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Abstract 

Background:  Environmental temperature is a key driver for the transmission risk of mosquito-borne pathogens. Epi-
demiological models usually relate to temperature data from standardized weather stations, but these data may not 
capture the relevant scale where mosquitoes experience environmental temperatures. As mosquitoes are assumed to 
spend most of their lifetime in resting sites, we analysed mosquito resting site patterns and the associated tempera-
tures in dependence on the resting site type, resting site height and the surrounding land use.

Methods:  The study was conducted in 20 areas in near-natural habitats in Germany. Ten areas were studied in 2017, 
and another 10 in 2018. Each study area consisted of three sampling sites, where we collected mosquitoes and micro-
climatic data in artificial (= garden pop-up bags) and natural resting sites at three height levels between 0 and 6 m. 
Land use of the study sites was characterized as forest and meadows based on reclassified information of the CORINE 
(Coordination of Information on the Environment) Land Cover categories. The hourly resting site temperatures and 
the data from the nearest weather station of the German meteorological service were used to model the duration of 
the extrinsic incubation period (EIP) of mosquito-borne pathogens.

Results:  Anopheles, Culex and Culiseta preferred artificial resting sites, while Aedes were predominantly collect in 
natural resting sites. Around 90% of the mosquitoes were collected from resting sites below 2 m. The mosquito spe-
cies composition did not differ significantly between forest and meadow sites. Mean resting site temperatures near 
the ground were approximately 0.8 °C lower than at a height of 4–6 m, which changed the predicted mean EIP up to 
5 days at meadow and 2 days at forest sites. Compared with temperature data from standardized weather stations, 
the resting site temperatures near the ground would prolong the mean estimated EIP 4 days at forest sites and 2 days 
at meadow sites.

Conclusions:  The microclimate of mosquito resting sites differs from standardized meteorological data, which can 
influence the transmission of mosquito-borne pathogens. In a near-natural environment, colder temperatures at 
mosquitoes’ preferred resting sites near the ground would prolong the EIP of mosquito-borne pathogens relative to 
data from weather stations.
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Background
Mosquitoes (Diptera: Culicidae) are the most important 
arthropod vector group. Transmission of mosquito-
borne pathogens causes approximately 350 million 
infected humans and 500 thousand deaths per year [1]. 
Most cases are observed in tropical and subtropical 
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regions. However, the global exchange of goods and pas-
senger traffic in combination with a rapidly changing 
environment, e.g. caused by land use change and climate 
warming, promote the spread of invasive mosquito spe-
cies and mosquito-borne pathogens [2, 3]. The emergence 
or re-emergence of several mosquito-borne pathogens 
in Europe has clearly documented the growing medical 
importance of vector-borne diseases. Regular outbreaks 
of West Nile virus (WNV) [4, 5] and chikungunya virus 
[6] have been recognized in Southern and South-East 
Europe. In Central Europe, ongoing Usutu virus circula-
tion in birds [7–9] as well as human autochthonous cases 
of Dirofilaria [10] and WNV infections highlight the 
emerging risk also for Central Europe [11–13].

Temperature is among the most important drivers 
of the transmission risk of mosquito-borne pathogens. 
The body temperature of mosquitoes as ectothermic 
insects is equivalent to the ambient temperature [14]. 
Temperature strongly affects both the biological life his-
tory traits of mosquitoes (e.g. adult mortality and bit-
ing rates) and the pathogen development rate [15]. The 
inverse of the pathogen development rate is referred to 
as the extrinsic incubation period (EIP), i.e. the time it 
takes for a pathogen to develop or disseminate in a vec-
tor until it can be transmitted [16]. Each pathogen has a 
specific temperature-dependent development rate and 
temperature threshold preventing further development, 
e.g. 14–15 °C for WNV [17]. Accordingly, the integration 
of temperature in epidemiological models is crucial for 
assessing the spatial–temporal risk of mosquito-borne 
pathogen transmission. Temperature data for epidemio-
logical models are usually obtained from weather stations 
[18] or remote sensing [19]. To provide unbiased mete-
orological measurements, the observational weather data 
are strictly standardized, e.g. weather stations shall be 
installed at freely exposed sites of at least 25 × 25 m with-
out nearby buildings, trees or other structures [20]. The 
standardized nature of data collection from weather sta-
tions does allow for more direct comparison across geo-
graphic regions, but may not be sufficient for capturing 
the microclimate conditions important to mosquito and 
pathogen development [21].

With a high proportion of blood-engorged females 
in the resting site [22], resting site temperatures are 
expected to have a strong effect on the blood meal diges-
tion periods and EIPs. The microclimatic temperatures 
in mosquito resting sites can be influenced by various 
small-scale (e.g. type of the microhabitat) and large-
scale factors (e.g. surrounding land cover) [23, 24]. Fur-
thermore, the active resting site selection is influenced 
by small-scale factors such as the type of microhabitat 
or the vertical height level [23, 25], and thus probably 
affect the temperature acting on the mosquitoes, which 

are considered to spend most of their life-time in rest-
ing sites [26]. Moreover, mosquito species composition 
is known to be affected by large-scale factors such as 
land cover [27]. Several studies have noted that the tem-
perature in the potential habitats of mosquitoes can vary 
considerably from standardized meteorological data, 
resulting in large deviations in the predictions of the 
EIP [28–31]. However, these studies just measured tem-
perature and humidity data in suspected resting sites of 
adult mosquitoes and did not include actual collections 
of mosquitoes. Thus, it remained unclear which particu-
lar microclimate is most relevant for mosquitoes. This 
knowledge gap can be closed by understanding mosquito 
resting site patterns.

In this study, we analysed the mosquito resting site pat-
terns and the associated resting site temperatures with 
respect to their dependence on three different spatial fac-
tors: resting site type (artificial vs. natural), vertical height 
level between 0 and 6 m and land use category (forest vs. 
meadows). The study was conducted in different study 
areas in Germany and was focused on near-natural habi-
tats. The aim was to perform an integrative analysis on 
the effects of the spatial factors on the microclimate of 
resting mosquito populations and to analyse the differ-
ence between resting site temperatures and standardized 
meteorological data on the calculation of the EIP of mos-
quito-borne pathogens to refine epidemiological models.

Methods
Study sites
The study was conducted at 20 study areas in Germany, 
including 10 studied in 2017 and another 10 in the sub-
sequent year (Fig. 1). All study areas were selected based 
on their association with different types of near-natural 
wetlands, e.g. floodplains, swamp forest and reeds. Each 
study area consisted of three sampling sites, which were 
within 200 to 2000 m of each other. The three sampling 
sites in the near-natural study areas were placed in habi-
tats with different vegetation, i.e. meadows vs. densely 
forested sampling sites, to cover a broad range of poten-
tial resting environments and microclimates.

Mosquito collection
The sampling set-up was installed at the end of April in 
both years. In general, six potential natural resting habi-
tats and nine artificial resting sites were sampled at each 
sampling site. Mosquitoes were collected from garden 
pop-up bags (Relaxdays GmbH, Halle, Germany; 76  l), 
which are known to be accepted as an artificial resting site 
by various mosquito species [25, 33]. Three garden pop-
up bags were installed in different directions in one tree 
at three height levels (0 m, 2 m and 5 m). Five sampling 
sites could not be equipped with garden pop-up bags at 
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heights greater than 2 m, because the trees on site were 
not high or robust enough to instal the garden pop-up 
bags at a height of 5 m. In addition, natural resting sites 
were sampled at two height levels (0–2  m and 2–6  m) 
parallel to the sampling the artificial resting sites. Mos-
quito sampling at three different heights did not seem 
appropriate for natural resting sites. Potential natural 
resting sites at an intermediate height level (1–2 m) were 
often not available due to season- and site-specific differ-
ences in the understory vegetation, in particular. In addi-
tion, resting mosquitoes can be disturbed and activated 
during sampling at natural resting sites, which would 
have hampered the sampling of natural resting sites close 
to each other, i.e. at 0–1 m and 1–2 m. Hence, we decided 
to differentiate between only two height levels in natural 
resting site habitats: 0–2  m (e.g. herb layer) and 2–6  m 
(e.g. tree branches). Each natural resting site habitat was 
sampled for 30 s and was located at a maximum distance 
of approximately 20 m from the tree equipped with the 
garden pop-up bags. We consider the maximum distance 
of 20 m between natural and artificial resting sites as easy 
to reach for a mosquito. Hence, the results obtained by 
natural and artificial resting site sampling can be directly 
compared, allowing conclusions about mosquito rest-
ing site preferences for the two different types of resting 
sites. In order to avoid any collectors’ bias, mosquito col-
lection in resting habitats was exclusively conducted by 
one author (FGS). The collection was performed with 
hand-made  aspirators similar to the model reported by 

Vazquez-Prokopec et al. [34], which is proven to perform 
equivalently to the Centers for Disease Control and Pre-
vention Backpack Aspirator [35]. The hand-made aspira-
tor could be equipped with a telescopic rod that can be 
extended up to 3.1 m. Resting mosquitoes were collected 
during three sampling periods. Each sampling period 
lasted 3 weeks, and sampling was conducted from mid-
May to the beginning of June, mid -July to the beginning 
of August and in September. During the sampling peri-
ods, each study area was visited 2–3 times. The collected 
mosquitoes were transported in cooling boxes at − 18 °C 
until they were stored in a freezer (−20 °C) in the labora-
tory. Mosquitoes were identified by morphological char-
acters to the lowest taxonomic level of certainty [36–38]. 
The feeding status of female mosquitoes was scored from 
one (unfed) to seven (eggs fully developed) following 
Detinova [39]. In the statistical analyses, the term “blood-
fed” summarizes all females from freshly engorged to 
fully developed eggs.

Microclimate data collection
At each study site, temperature loggers (HOBO Pendant 
logger UA-001–08, Onset Computer Corporation, USA) 
were installed in the vegetation at three height levels 
(0.3 m, 2 m and 5 m) in close proximity (< 10 m) to the 
tree equipped with garden pop-up bags. One additional 
logger recording temperature and relative humidity 
(Hobo Pro v2 U23, Onset Computer Corporation, USA) 
was placed in the south exposed garden pop-up bag at 
an intermediate height level (2 m) for each study site, to 
evaluate the temperature difference between artificial 
and natural resting sites. The microclimate data were 
logged hourly from May to the end of October in both 
study years. Thereby, a total of 120 loggers (90 tempera-
ture and 30 temperature and relative humidity loggers) 
were installed per study year.

Analysis
The CORINE (Coordination of Information on the 
Environment) land cover (CLC) [40] of each sampling 
site was extracted to describe the surrounding land use 
in a 20  m buffer, i.e. the maximum distance between 
the mosquito collection sites and data loggers. CLC 
provides generalized classes of land use for Europe. 
Its nomenclature includes 44 classes with a minimum 
mapping unit of 25 hectares and a minimum width of 
100  m [40]. Our 60 study sites included 12 different 
land use categories, which were reclassified into the 
two major habitats meadows and forests following the 
approach by Haider et  al. [23]. The aggregated cate-
gory “meadows” included complex cultivation patterns 
(CLC 242, n = 2), inland marshes (n = 1), land princi-
pally occupied by agriculture, with significant areas of 

Fig. 1  Study sites in Germany for both study years (circles: 2017, 
triangles: 2018)
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natural vegetation (CLC 243, n = 7), natural grasslands 
(CLC 321, n = 3), non-irrigated arable land (CLC 211, 
n = 5), pastures (CLC 231, n = 12) and salt marshes 
(CLC 241, n = 1). The aggregated category “forest” 
included broad-leaved forest (CLC 311, n = 16), green 
urban area (CLC 141, n = 1), coniferous forest (CLC 
312, n = 7), mixed forest (CLC 313, n = 5).

Hourly temperature, relative humidity, wind, solar 
radiation and precipitation were extracted from the 
nearest weather station of Germany’s national mete-
orological service (DWD, “Deutscher Wetterdienst”) 
for each study site. These standardized meteorological 
data were used to predict the microclimatic tempera-
tures following the linear regression model by Haider 
et al. [28]:

Multiple linear regression was performed to predict 
the microclimate in the two habitats, forest and mead-
ows, for both study years, respectively. The hourly 
temperature data for each logger and for the DWD 
weather stations were used to calculate the tempera-
ture-dependent EIP of three different mosquito-borne 
pathogens and the duration of the blood meal diges-
tion period based on models retrieved from the lit-
erature (Table  1). In addition, the hourly difference 
between the EIP predictions based on the weather sta-
tions and based on the resting site temperatures were 
calculated and visualized. Therefore, due to the large 
data sets, we calculated the 99% confidence intervals, 
instead of the commonly used 95%, for visualization. 
Mosquito species composition for the different sites 

temperaturemicro = temperatureDWD + temperatureDWD(t−1)

+ solarradiationDWD + windspeedDWD

+ rel.humidityDWD +monthweight
(

May
)

+monthweight(June)+monthweight
(

July
)

+monthweight
(

August
)

+monthweight(September)

+monthweight(October)+ timeofday
(

hourly
)

+ (solar ∗ wind)+
(

precipation ∗ humidity
)

+
(

wind ∗ height
)

+ (solar ∗ height)

was analysed by means of a non-metric multidimen-
sional scaling (NMDS). Subsequently, the effect of the 
land use categories forest and meadows on the species 
composition was analysed with a multivariate analysis 
of variance  (MANOVA) using the adonis function in 
the R package “vegan” [41]. The extraction of land use 
information, the summary statistics of the microcli-
mate and EIP data and the data visualization were con-
ducted with the packages “raster”, “dplyr” and “ggplot2” 
in R [42–45].

Results
Microclimate
The recorded temperatures in 2017 were lower than 
in 2018 (2017: mean = 16.02, 99% confidence interval 

( ±) 0.02  °C, 2018: mean = 16.80 ± 0.02  °C). Accord-
ingly, the relative humidity was higher in 2017 com-
pared with 2018 (2017: mean = 83% ± 0.10%, 2018: 
mean = 77.97% ± 0.09%). In 2017, the maximum and 
minimum microclimatic temperature ranged from 
−5.13  °C to 49.22  °C and from −2.96  °C to 47.37  °C in 
2018. Multiple linear regressions using the DWD  data to  
predict the microclimatic temperatures explained 89% to 
93% of the proportion of variance (R2). In both years, the 
model prediction accuracy was slightly higher for forest 
sites (in 2017: 93%, in 2018: 91%) compared with meadow 
sites (in 2017: 89%, in 2018: 89%) (see Additional file  1: 
Table S1 for all coefficients).

Table 1  Temperature (T) dependent models to predict the extrinsic incubation period (EIP) of mosquito-borne pathogens and the 
blood meal digestion period (BMD)

Parameter Equation References

EIP Dirofilaria immitis [(T-14)/130]/24 Ledesma and Harrington [46]

EIP Plasmodium vivax [0.000126 × T × (T-14.244) × √(34.4-T)]/24 Cator et al. [29]

EIP West Nile virus [−0.132 + 0.0092 × T)/24 Hartley et al. [17]

BMD [(T-9.9)/36.5]/24 Lindsay et al. [32]
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Effects of the resting site type
Summarized for both study periods, the temperature 
in garden pop-up bags (mean = 16.37  °C ± 0.03  °C) 
was slightly lower than in the natural resting sites 
(mean = 16.47  °C ± 0.03  °C), both calculated based 
on data loggers installed at intermediate height level 
(1–2  m). The temperature difference between artificial 
and natural resting sites led to a mean difference in the 
calculated EIP of 0.64 days for WNV, 0.62 days for Diro-
filaria immitis, 0.39  days for Plasmodium vivax and 
0.08 days for the blood meal digestion period, indicating 
only a minor influence on epidemiological models, when 
measuring the temperature inside garden pop-up bags or 
directly in the natural resting sites.

The mosquito species composition in artificial and 
natural resting sites differed strongly. Aedes speci-
mens dominated in natural resting sites (83%), but 
were less prominent in garden pop-up bags (8%). On 
the other hand, artificial resting sites were frequently 
used by Culiseta (68%) and Anopheles (8%). Culiseta 
morsitans/fumipennis was the dominant taxon in gar-
den pop-up bags, accounting for almost 60% of the 
individuals, but comprised only 4% of the mosquitoes 
collected in natural resting sites. Culex pipiens s.l./Cx. 
torrentium was collected in similar numbers in gar-
den pop-up bags and natural resting sites, while spe-
cies from the subgenus Neoculex, namely, Cx. territans 
and Cx. hortensis, were collected in higher numbers by 

Table 2  Total number of collected mosquito taxa per sampling method. Taxa per genus are given in descending order based on the 
numbers of collected specimens

a Only males of the Ae. annulipes group were identified to species level

Genus Mosquito taxon Artificial resting sites Natural resting sites

Female Male Sum Female Male Sum

Aedes Ae. annulipes groupa 168 0 168 1246 28 1274

Ae. annulipesa 0 11 11 0 558 558

Ae. cantansa 0 6 6 0 230 230

Ae. vexans 24 3 27 282 283 565

Ae. cinereus 13 0 13 130 78 208

Ae. sticticus 22 0 22 81 42 123

Ae. rusticus 11 3 14 71 26 97

Ae. punctor 9 2 11 42 45 87

Ae. flavescens 0 0 0 13 38 51

Ae. communis 6 3 9 17 13 30

Ae. rossicus 1 0 1 5 1 6

Ae. caspius 0 0 0 5 2 7

Ae. detritus 1 1 2 0 3 3

Ae. cataphylla 2 0 2 1 0 1

Ae. pullatus 0 0 0 1 0 1

Ae. diantaeus 0 0 0 1 0 1

Anopheles An. maculipennis s.l. 106 129 235 2 3 5

An. claviger 5 3 8 9 8 17

An. plumbeus 16 13 29 2 0 2

Coquillettidia Cq. richiardii 8 14 22 6 21 27

Culiseta Cs. morsitans/fumipennis 1366 694 2060 98 55 153

Cs. annulata/subochrea 139 128 267 12 29 41

Cs. alaskaensis 0 0 0 0 1 1

Cs. glaphyroptera 3 5 8 0 0 0

Culex Cx. pipiens s.l./Cx. torrentium 179 132 311 81 129 210

Cx. territans 102 40 142 17 19 36

Cx. hortensis 7 4 11 0 0 0

Cx. modestus 1 1 2 0 0 0

Unidentified Culicidae 33 17 50 76 84 160
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Fig. 2  Temperature differences relative to the DWD data given for three analysed height levels. The temperature data is smoothed by general 
additive models, grey indicates the 99% confidence interval

Fig. 3  Mean number of mosquitoes with 95% confidence interval given for the resting site height and type of the total number of mosquitoes 
(7363 specimens), females (4440 specimens), males (2923 specimens) and blood-fed females (1070 specimens). Resting site collection data are 
summarized across both study years: 2017 and 2018
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means of garden pop-up bags (see Table 2 for absolute 
number of collected specimens).

Effects of the resting site height
Overall, the mean temperatures were lower near 
the ground (0–1  m: mean = 16.23  °C ± 0.02  °C, 
1–2  m: mean = 16.42  °C ± 0.02  °C, 4–6  m: 
mean = 16.70 °C ± 0.03 °C). In comparison with the DWD 
data, the temperatures were lower at heights between 0 
and 2  m, but similar (in 2017) or even higher (in 2018) 
at elevated sites (4–6  m) (Fig.  2). At the beginning and 
at the end of both study periods, the microclimatic tem-
perature differences between the three height levels con-
verged and tended to be higher relative to the DWD data 
(Fig.  2). Irrespective of the resting site type (natural or 
artificial), higher numbers of mosquito specimens were 
collected at lower heights (0–2 m) (Fig. 3). There was no 
indication that females, males or blood-fed females have 
different resting height preferences (Fig. 3). Referring to 
species-specific height preferences, Coquillettidia rich-
iardii was the only species without clear resting height 
preferences and was collected in similar numbers at all 
heights (Additional file  1: Table  S2). All other taxa that 
were collected in sufficient numbers, were collected in 
higher numbers at resting sites between 0 and 2 m (Addi-
tional file 1: Table S2). The generally lower temperatures 

near the ground (Fig. 2) resulted in a prolonged EIP and 
blood meal digestion period compared with the calcula-
tion based on DWD temperatures (Figs. 4, 7).

Effects of the land use
Microclimatic temperatures were colder for the forest 
than for meadow sites: 15.83 ± 0.03 °C vs. 16.28 ± 0.03 °C 
in the study period 2017 and 16.56 ± 0.03  °C vs. 
16.95 ± 0.03  °C in the study period 2018. The mosquito 
species composition did not differ significantly between 
the reclassified land use categories forest and meadows 
(Adonis, R2 = 0.03, p = 0.11), i.e. most species were found 
in both land use categories (Fig.  5). An exception was 
Ae. vexans and Aedes sticticus, which were rather asso-
ciated with meadow sites (Fig.  5). The microclimate at 
meadow sites would have led to a similar duration of the 
EIP compared with the calculations based on the DWD 
temperatures (Fig.  6). Considering the height-specific 
temperature differences, the estimated mean EIPs at the 
forest sites were around 4 days longer based on the tem-
peratures near the ground and 2  days longer based on 
temperatures at a height of 4–6 m. At meadow sites, the 
temperatures near the ground led to a prolonged EIP of 
2  days, while temperatures at a height of 4–6  m would 
shorten the mean EIP up to 3 days relative to the calcula-
tions based on the DWD temperatures (Fig. 7).

Fig. 4  Mean EIP for different mosquito-borne pathogens and for the duration of the blood meal digestion (BMD) period calculated from the hourly 
microclimatic temperatures at different height levels (red: 0–1 m, green: 1–2 m, blue: 4–6 m) and the DWD temperatures in black
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Discussion
Through the combination of active collection of resting 
mosquitoes and the associated temperatures, we dem-
onstrate that the difference between standard meteoro-
logical data and resting site temperatures can affect the 
estimation of EIPs. In addition, we could confirm the 
high accuracy of the multiple linear regression approach 
by Haider et  al. [30], which shows that it is possible to 
predict microclimatic temperatures based on standard 
meteorological data. The slightly higher accuracy for 
the microclimatic temperatures in the reclassified forest 
category in our study likely indicates that this category 
describes a more homogenous microclimatic landscape 
than the meadow category.

Considering mosquito preferences for resting sites near 
the ground in a shaded environment, mosquitoes experi-
ence microclimatic temperatures, which would prolong 
the EIP in near-natural landscapes beyond what is pre-
dicted by data from weather stations. Thus, resting site 
selection and resting behaviour can change the estimated 
duration of the EIP of mosquito-borne pathogens. In line 
with studies from North America e.g. [47], mosquito 
taxa prefer to rest either in cavities (e.g. pop-up bags or 
deadwood habitats) or in the vegetation. As other artifi-
cial resting sites [48, 49], garden pop-up bags are particu-
larly useful for collecting cavity-resting genera Anopheles, 
Culiseta and Culex. Aedes are underrepresented in gar-
den pop-up bags [25, 33]. Instead, we frequently found 

Fig. 5  NMDS ordination of the mosquito species collected at meadow sites (framed in blue) and forest sites (framed in red) (Distance: Bray–Curtis, 
Dimension: 3, Stress 0.14). The labels of An. maculipennis s.l. and Cx. pipiens s.l. strongly overlap
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Aedes in natural resting habitats, especially in the herb 
layer, which is in accord with previous studies [22, 23, 50]. 
Irrespective of the type of resting habitat, mosquitoes 
distinctly prefer to rest near the ground. At first glance, 

this seems to contradict the observations of studies col-
lecting mosquitoes with baited traps, which documented 
high numbers of several mosquito species at heights of 
5  m and higher; in particular, ornithophilic mosquitoes 

Fig. 6  Mean EIP for 3 different mosquito-borne pathogens and for the duration of the blood meal digestion (BMD) period calculated from the 
microclimatic temperatures at different reclassified land use categories (red: forest, blue: meadows) and the DWD temperatures in black

Fig. 7  The 99% confidence intervals show the theoretic EIP of mosquito-borne pathogens based on the microclimatic temperatures at different 
heights and land use categories (red: forest, blue: meadows) relative to the EIP estimations based on the temperature data obtained from the DWD. 
The data include both study years: 2017 and 2018
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are considered to seek their avian hosts at a greater 
height [51–53]. However, resting site selection is proba-
bly triggered by other environmental cues, e.g. dark con-
trasts as visual cues or a certain microclimate [22, 54, 55]. 
Hence, conclusions about the height preferences based 
on baited trapping methods focussing on host-seeking 
females are probably not transferable to mosquito resting 
height patterns.

Apart from the resting height preferences, the resting 
behaviour needs further investigation, in particular the 
mean resting duration and movement between resting 
sites are not well understood. Artificial resting site stud-
ies from North America suggest that mosquitoes enter 
and leave resting sites within a couple of hours before 
and after dawn, respectively. However, their conclu-
sion relies on a few species and a few sampling days [56, 
57]. In a previous resting site study using garden pop-up 
bags, mosquitoes were collected twice a day, whereby a 
higher number of mosquitoes were collected in the even-
ing than in the morning, indicating that mosquitoes 
must have entered the resting sites during the day [33]. 
More detailed knowledge on resting duration, movement 
between resting sites and circadian rhythm of resting and 
activity periods would provide information on when and 
how much of mosquitoes’ lifetime is spent in their resting 
habitats. This, in turn, would help to adequately assess 
the relevance of the resting site microclimate for mos-
quito life history traits (e.g. adult survival) and the patho-
gen development rate in the mosquito vectors.

The observed effect of land use on the mosquito spe-
cies composition was low. Most mosquito taxa were 
found in similar numbers in forests and meadows. The 
exceptions were Ae. vexans and Ae. sticticus, being asso-
ciated with ecological parameters represented by the 
reclassified category meadow. These two species are 
particularly adapted to breeding sites in floodplain areas 
[58]. However, a mosaic of arable land, natural grassland, 
and softwood and hardwood floodplain forest in the dif-
ferent study areas in combination with the size-depend-
ent thresholds for delineated land-use classification in 
CLC (e.g. CLC 231, pastures), floodplains are commonly 
grouped in the meadow category. Other mosquito taxa 
did not show clear patterns related to land use categories. 
This might be surprising at first sight, as mosquitoes are 
assumed to have a species-specific egg-laying behaviour 
in either forests or open areas [59]. However, the adult 
resting site collections could only partially confirm these 
patterns. As demonstrated by Bidlingmayer and Hem 
[60], some species seek breeding habitats in open areas 
but rest in a shaded environment in the forest, i.e. mos-
quitoes do not necessarily rest where they lay their eggs. 
Resting site collections reflect the adult mosquitoes, 
which emerge from varying types of breeding habitats 

in the larger radius of the sampling sites. These aspects 
probably complicate the establishment of a clear relation-
ship between land use factors and their associated micro-
climate and the mosquito species composition when 
focussing on near-natural landscapes with a presumably 
high diversity of different breeding habitats.

Conclusions
Understanding the microclimatic conditions of mosquito 
resting sites can aid in refining epidemiological models. 
This study showed that the colder temperatures at mos-
quito preferred resting sites near the ground would pro-
long the EIP of mosquito-borne pathogens relative to 
standardized temperature data from weather stations. 
However, our results are restricted to a near-natural envi-
ronment. Future studies should investigate mosquito 
resting site patterns and associated microclimates in 
more habitat types and environments to analyse their 
relevance to the spatial risk of mosquito-borne pathogen 
transmission.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13071-​022-​05505-2.

Additional file 1: Table S1. Results of the multiple linear regressions to 
predict the resting site temperatures in the two habitats meadows and 
forest for both study periods. Table S2. Mean number (with 95% confi-
dence interval) of specimens per species collected per resting site type 
and height level. Total number resting site sampling events: 5043 (3213 in 
artificial resting sites and 1830 in natural resting sites).

Author contributions
FGS wrote the main manuscript text. FGS and RL analysed the data. FGS, 
EK and RL designed the study. FGS, EK and RL reviewed the manuscript. All 
authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. The study 
was funded by the German Federal Ministry of Food and Agriculture (BMEL), 
grant numbers 2819105215 and 2819113719. FGS is supported by the Federal 
Ministry of Health (BMG) under the project AIDA (2521NIK400) and RL is sup-
ported by the Federal Ministry of Education and Research of Germany (BMBF) 
under the project NEED (01Kl2022).

Availability of data and materials
The datasets and statistical analysis for the current study are available from the 
corresponding authors on reasonable request.

Declarations

Consent for publication
Not applicable.

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

https://doi.org/10.1186/s13071-022-05505-2
https://doi.org/10.1186/s13071-022-05505-2


Page 11 of 12Sauer et al. Parasites & Vectors          (2022) 15:390 	

Author details
1 Arbovirus Ecology, Department of Arbovirology, Bernhard Nocht Institute 
for Tropical Medicine, Hamburg, Germany. 2 Aquatic Ecology and Nature Con-
servation, Carl Von Ossietzky University, Oldenburg, Germany. 

Received: 19 July 2022   Accepted: 13 September 2022

References
	1.	 World Health Organisation: Global vector control response 2017–2030. 

WHO, Geneva 2017.
	2.	 Semenza JC, Suk JE. Vector-borne diseases and climate change: a Euro-

pean perspective. FEMS Microbiol Letters. 2017;365:fnx244.
	3.	 Franklinos LH, Jones KE, Redding DW, Abubakar I. The effect of global 

change on mosquito-borne disease. Lancet Infec Dis. 2019;19:302–12.
	4.	 Barzon L, Pacenti M, Cusinato R, Cattai M, Franchin E, Pagni S, et al. 

Human cases of West Nile virus infection in north-eastern Italy, 15 June to 
15 November 2010. Eurosurveillance. 2011;16:19949.

	5.	 Papa A, Danis K, Baka A, Bakas A, Dougas G, Lytras T, et al. Ongoing 
outbreak of West Nile virus infections in humans in Greece, July–August 
2010. Eurosurveillance. 2010;15:19644.

	6.	 Angelini R, Finarelli A, Angelini P, Po C, Petropulacos K, Macini P, et al. An 
outbreak of chikungunya fever in the province of Ravenna. Italy Eurosur-
veillance. 2007;12:3260.

	7.	 Lühken R, Jöst H, Cadar D, Thomas SM, Bosch S, Tannich E, et al. Distribu-
tion of Usutu virus in Germany and its effect on breeding bird popula-
tions. Emerg Infect Dis. 2017;23:1994–2001.

	8.	 Becker N, Jöst H, Ziegler U, Eiden M, Höper D, Emmerich P, et al. Epizootic 
emergence of Usutu virus in wild and captive birds in Germany. PLoS 
ONE. 2012;7:e32604.

	9.	 Michel F, Sieg M, Fischer D, Keller M, Eiden M, Reuschel M, et al. Evidence 
for West Nile virus and Usutu virus infections in wild and resident birds in 
Germany, 2017 and 2018. Viruses. 2019;11:674.

	10.	 Tappe D, Plauth M, Bauer T, Muntau B, Dießel L, Tannich E, et al. A case 
of autochthonous human Dirofilaria infection, Germany, march 2014. 
Eurosurveillance. 2014;19:20790.

	11.	 Pietsch C, Michalski D, Münch J, Petros S, Bergs S, Trawinski H, et al. 
Autochthonous West Nile virus infection outbreak in humans, Leipzig, 
Germany, August to September 2020. Eurosurveillance. 2020;25:2001786.

	12.	 Ziegler U, Santos PD, Groschup MH, Hattendorf C, Eiden M, Höper D, et al. 
West Nile virus epidemic in Germany triggered by epizootic emergence, 
2019. Viruses. 2020;12:448.

	13.	 Vlaskamp DR, Thijsen SF, Reimerink J, Hilkens P, Bouvy WH, Bantjes SE, 
et al. First autochthonous human West Nile virus infections in the Nether-
lands, July to August 2020. Eurosurveillance. 2020;25:2001904.

	14.	 Willmer PG. Microclimate and the environmental physiology of insects. 
Adv in Insect Phys. 1982;16:1–57.

	15.	 Mordecai EA, Caldwell JM, Grossman MK, Lippi CA, Johnson LR, Neira 
M, et al. Thermal biology of mosquito-borne disease. Ecol Letters. 
2019;22:1690–708.

	16.	 Ohm JR, Baldini F, Barreaux P, Lefevre T, Lynch PA, Suh E, et al. Rethink-
ing the extrinsic incubation period of malaria parasites. Parasit Vectors. 
2018;11:178.

	17.	 Hartley DM, Barker CM, Le Menach A, Niu T, Gaff HD, Reisen WK. Effects of 
temperature on emergence and seasonality of West Nile virus in Califor-
nia. Am J Trop Med and Hyg. 2012;86:884–94.

	18.	 Mordecai EA, Cohen JM, Evans MV, Gudapati P, Johnson LR, Lippi CA, 
et al. Detecting the impact of temperature on transmission of Zika, 
dengue, and chikungunya using mechanistic models. PLoS Negl Trop Dis. 
2017;11:e0005568.

	19.	 Parselia E, Kontoes C, Tsouni A, Hadjichristodoulou C, Kioutsioukis I, 
Magiorkinis G, et al. Satellite earth observation data in epidemiologi-
cal modeling of Malaria, Dengue and West Nile Virus: a scoping review. 
Remote Sensing. 2019;11:1862.

	20.	 World Meteorological Organization (WMO): Guide to instruments and 
methods of observation. In: Volume I—Measurement of Meteorological 
Variables, vol. 8. Geneva: World Meteorological Organization 2018.

	21.	 Bramer I, Anderson BJ, Bennie J, Bladon AJ, De Frenne P, Hemming D, 
et al. Advances in monitoring and modelling climate at ecologically 
relevant scales. Adv Ecol Res. 2018;58:101–61.

	22.	 Burkett-Cadena ND, Eubanks MD, Unnasch TR. Preference of female mos-
quitoes for natural and artificial resting sites. J Am Mosqu Control Assoc. 
2008;24:228–35.

	23.	 Sauer FG, Grave J, Lühken R, Kiel E. Habitat and microclimate affect the 
resting site selection of mosquitoes. Med Vet Ent. 2021;35:379–88.

	24.	 Haider N, Cuellar AC, Kjær LJ, Sørensen JH, Bødker R. Microclimatic tem-
peratures at Danish cattle farms, 2000–2016: quantifying the temporal 
and spatial variation in the transmission potential of Schmallenberg virus. 
Parasit Vectors. 2018;11:128.

	25.	 Jaworski L, Sauer F, Jansen S, Tannich E, Schmidt-Chanasit J, Kiel E, et al. 
Artificial resting sites: an alternative sampling method for adult mosqui-
toes. Med Vet Ent. 2021;36:139–48.

	26.	 Silver JB. Mosquito ecology: field sampling methods. 3rd ed. Dordrecht: 
Springer; 2008.

	27.	 Zittra C, Vitecek S, Obwaller AG, Rossiter H, Eigner B, Zechmeister T, et al. 
Landscape structure affects distribution of potential disease vectors 
(Diptera: Culicidae). Parasit Vectors. 2017;10:205.

	28.	 Meyer R, Hardy J, Reisen W. Diel changes in adult mosquito micro-
habitat temperatures and their relationship to the extrinsic incubation 
of arboviruses in mosquitoes in Kern county. California J of Med Ent. 
1990;27:607–14.

	29.	 Cator LJ, Thomas S, Paaijmans KP, Ravishankaran S, Justin JA, Mathai MT, 
et al. Characterizing microclimate in urban malaria transmission settings: 
a case study from Chennai. India Malar J. 2013;12:84.

	30.	 Haider N, Kirkeby C, Kristensen B, Kjær LJ, Sørensen JH, Bødker R. Micro-
climatic temperatures increase the potential for vector-borne disease 
transmission in the Scandinavian climate. Sci Rep. 2017;7:8175.

	31.	 Thomas S, Ravishankaran S, Justin NJA, Asokan A, Kalsingh TMJ, Mathai 
MT, et al. Microclimate variables of the ambient environment deliver the 
actual estimates of the extrinsic incubation period of Plasmodium vivax 
and Plasmodium falciparum: a study from a malaria-endemic urban set-
ting. Chennai in India Malar J. 2018;17:201.

	32.	 Lindsay SW, Hole DG, Hutchinson RA, Richards SA, Willis SG. Assessing the 
future threat from vivax malaria in the United Kingdom using two mark-
edly different modelling approaches. Malar J. 2010;9:70.

	33.	 Sauer FG, Jaworski L, Lühken R, Kiel E. Impacts of sampling rhythm and 
exposition on the effectiveness of artificial resting shelters for mosquito 
collection in northern Germany. J Vect Ecol. 2020;45:142–6.

	34.	 Vazquez-Prokopec GM, Galvin WA, Kelly R, Kitron U. A new, cost-effective, 
battery-powered aspirator for adult mosquito collections. J Med Ent. 
2009;46:1256–9.

	35.	 Maia MF, Robinson A, John A, Mgando J, Simfukwe E, Moore SJ. Com-
parison of the CDC backpack aspirator and the prokopack aspirator for 
sampling indoor-and outdoor-resting mosquitoes in southern Tanzania. 
Parasit Vectors. 2011;4:124.

	36.	 Mohrig W. Die Culiciden Deutschlands. Jena: Gustav Fischer Verlag; 1969.
	37.	 Lechthaler W. Culicidae: Key to Larvae, Pupae and Males from Central and 

Western Europe. Riegersburg: Eutaxa; 2005.
	38.	 Becker N, Petrić D, Zgomba M, Boase C, Madon MB, Dahl C, et al. Mosqui-

toes Identification, Ecology and Control. Springer: Cham 2020.
	39.	 Detinova TS. Age-grouping methods in Diptera of medical importance 

with special reference to some vectors of malaria. Monogr Ser World 
Health Organisation. 1962;47:1–207.

	40.	 European Environmental Agency. CLC2018 Technical guidelines. Vienna, 
Austria; 2017.

	41.	 Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al. 
Community ecology package version 2.5–3. 2018. https://​github.​com/​
vegan​devs/​vegan.

	42.	 R Core Team. R: A language and environment for statistical computing. 
R Foundation for Statistical Computing, Vienna, Austria. 2020. https://​
www.R-​proje​ct.​org/.

	43.	 Hijmans RJ, Van Etten J, Cheng J, Mattiuzzi M, Sumner M, Greenberg JA, 
et al. Package ‘raster’. R package 734. 2015.

	44.	 Wickham H, François R, Henry L, Müller K. dplyr: a grammar of data 
manipulation. R package version 0.8.3. 2019. https://​CRAN.R-​proje​ct.​org/​
packa​ge=​dplyr.

	45.	 Wickham H. ggplot2: Elegant graphics for data Analysis. Cham: Springer; 
2016.

https://github.com/vegandevs/vegan
https://github.com/vegandevs/vegan
https://www.R-project.org/
https://www.R-project.org/
https://CRAN.R-project.org/package=dplyr
https://CRAN.R-project.org/package=dplyr


Page 12 of 12Sauer et al. Parasites & Vectors          (2022) 15:390 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

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

•
  

gold Open Access which fosters wider collaboration and increased citations 

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

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

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

	46.	 Ledesma N, Harrington L. Fine-scale temperature fluctuation and 
modulation of Dirofilaria immitis larval development in Aedes aegypti. Vet 
Parasitol. 2015;209:93–100.

	47.	 Burkett-Cadena ND, Hoyer I, Blosser E, Reeves L. Human-powered pop-
up resting shelter for sampling cavity-resting mosquitoes. Acta Trop. 
2019;190:288–92.

	48.	 Morris C. A structural and operational analysis of diurnal resting shelters 
for mosquitoes (Diptera: Culicidae). J Med Ent. 1981;18:419–24.

	49.	 Burkett-Cadena ND. A wire-frame shelter for collecting resting mosqui-
toes. J Am Mosqu Control Assoc. 2011;27:153–5.

	50.	 Service MW. The daytime distribution of mosquitoes resting in vegeta-
tion. J Med Ent. 1971;8:271–8.

	51.	 Obenauer P, Kaufman P, Allan S, Kline D. Host-seeking height preferences 
of Aedes albopictus (Diptera: Culicidae) in north central Florida suburban 
and sylvatic locales. J Med Ent. 2009;46:900–8.

	52.	 Hendy A, Hernandez-Acosta E, Valério D, Mendonça C, Costa ER, Júnior 
JTA, et al. The vertical stratification of potential bridge vectors of 
mosquito-borne viruses in a central Amazonian forest bordering Manaus. 
Brazil Scientific Reports. 2020;10:18253.

	53.	 Lundström JO, Chirico J, Folke A, Dahl C. Vertical distribution of adult 
mosquitoes (Diptera: Culicidae) in Southern and Central Sweden. J Vect 
Ecol. 1996;21:156–66.

	54.	 Bentley MT, Kaufman PE, Kline DL, Hogsette JA. Response of adult mos-
quitoes to light-emitting diodes placed in resting boxes and in the field. J 
Am Mosqu Control Assoc. 2009;25:285–91.

	55.	 Howard JJ, Oliver J, Kramer LD. Assessing the use of diurnal resting shel-
ters by Culiseta melanura (Diptera: Culicidae). J Med Ent. 2011;48:909–13.

	56.	 Crans WJ. Resting boxes as mosquito surveillance tool. Proceedings of the 
eighty-second annual meeting of the New Jersey Mosqu Control Assoc. 
1989:53–7.

	57.	 Gray KM, Burkett-Cadena ND, Eubanks MD, Unnasch TR. Crepuscular flight 
activity of Culex erraticus (Diptera: Culicidae). J Med Ent. 2011;48:167–72.

	58.	 Becker N. Life strategies of mosquitoes as an adaption to their habitats. 
Bull Soc Vector Ecol. 1989;14:6–25.

	59.	 Day JF. Mosquito oviposition behavior and vector control. Insects. 
2016;7:65.

	60.	 Bidlingmayer W, Hem D. Mosquito (Dipteral Culicidae) flight behaviour 
near conspicuous objects. Bull Entomol Res. 1979;69:691–700.

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


	Effects of mosquito resting site temperatures on the estimation of pathogen development rates in near-natural habitats in Germany
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study sites
	Mosquito collection
	Microclimate data collection
	Analysis

	Results
	Microclimate
	Effects of the resting site type
	Effects of the resting site height
	Effects of the land use

	Discussion
	Conclusions
	References




