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Abstract
Urban green–blue infrastructure (GBI) can provide important benefits to urban residents but may also affect mosquito abun-
dance, with associated negative nuisance and infection transmission impacts. This study addresses important knowledge 
and quantification gaps for the relationships between mosquito prevalence and GBI features within cities. This is done for 
the city of Uppsala in Sweden as an urban case example, where mosquitos were captured and ambient air temperature and 
humidity were observed at seven different locations in the summer of 2022. A weighted multi-critera analysis (WMCA) 
model was developed based on relevant open data and open tools for resolving the mosquito (Culex pipiens) variations based 
on geographical variables, such as land cover/use, leaf area index, and building and green (vegetation) area fractions, within 
the city. The results show a clear relationship between mosquito prevalence and green-area fraction (of grass and trees), 
indicating that urban GBI extension can enhance mosquito prevalence, with possible associated negative impacts. This 
relationship is supported directly by data, showing significantly higher mosquito prevalence with higher ambient humidity, 
which in turn is related to larger green-area fraction. The developed WMCA model emerges as a promising tool, e.g., for 
urban development planning that needs to account for and seek relevant trade-off balances between positive and negative 
effects of urban GBI changes.
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Introduction

There is increasing awareness that urban green–blue infra-
structure (GBI; areas of natural, restored, or (re)constructed 
ecosystems, e.g., forested land, wetlands, parks) can provide 
a range of benefits to the urban residents, such as reduce risk 
of flooding and mitigate heat stress (Goldenberg et al. 2017, 
2021; Konarska et al. 2016), and improve resident health, 

physical activity, and overall wellbeing (Goldenberg et al. 
2018). However, there is also risk for adverse GBI effects on 
humans, for example due to enhanced breeding grounds for 
mosquitoes that may cause nuisance and transmit infectious 
diseases (Ma et al. 2019, 2020).

Mosquitoes need water and vegetation to be able to breed 
and thrive. Several common and widespread mosquito 
species, such as Culex (Cx.) pipiens, Cx. torrentium, 
Aedes (Ae.) geniculatus, Coquillettidia (Cq.) richiardii, 
Culiseta (Cs.) annulata and Anopheles (An.) plumbeus, 
breed continuously through the summer and can often 
be found in urban areas (Krüger et al. 2014; Lundström 
et al. 2013). Some of these are potential disease vectors, 
for example for West Nile virus and Usutu virus causing 
encephalitis, Sindbis virus and Chikungunya virus, and 
the bacterium Francisella tularensis causing tularemia. In 
a warmer climate, which is also exacerbated by the urban 
warming effect, there is a considerable risk for northward 
spread of invasive urban mosquito species that are currently 
established in more southern parts of Europe, such as Aedes 
japonicus, Aedes koreicus and Aedes albopictus (Medlock 
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et al. 2012). The presence of Ae. albopictus in Europe have 
caused autochthonous outbreaks of diseases such as Dengue, 
chikungunya and zika (Jourdain et al. 2020). Mosquitoes of 
the Cx. pipiens/torrentium complex are often regarded as 
drivers of WNV outbreaks in Europe (Engler et al. 2013). 
Larger populations of these species correspond to a higher 
risk of outbreaks (Kramer and Ciota 2015). They share 
similar biological traits; overwintering as adult females, 
breeding continuously through summer in almost any kind 
of water collections resulting in large populations at the end 
of summer and being ornithophilic (Becker et al. 2020).

Increased populations of vector species are a risk fac-
tor per se for enhanced pathogen transmission (Kramer and 
Ciota 2015; Ma et al. 2019). A warmer climate may lead to 
shorter generation times and longer reproductive seasons, 
leading to larger mosquito populations and an escalated risk 
for transmission of mosquito borne infections in and around 
urban heat islands (Paz and Albersheim 2008). For exam-
ple, the Nordic climate is currently considered too cold for 
virus-pathogens such as the West Nile virus to develop, and 
no outbreaks have occurred in Scandinavia (Public Health 
Agency of Sweden 2019). With a warming climate, however, 
the virus can spread to higher latitudes (Petrić et al. 2017), 
especially during summer heat waves as indicated by recent 
outbreaks of West Nile fever in Germany and Netherlands 
(Frank et al. 2022; Vlaskamp et al. 2020). Moreover, not 
just temperature increase, but also water-related increases 
in precipitation, stream/river flows and associated water 
inundation events at relevant times of the year can enhance 
mosquito abundance and related spreading of infections  
(Ma et al. 2019, 2020).

Urban constructions can both counteract and exac-
erbate the emergence of disease environments related to 
GBI, depending on how the disease factors are accounted 
for in the design and construction stages. For instance, an 
increase in wet areas is a risk because the density of lar-
val populations in such areas exceeds those in other, drier 
environments. Studies have shown that wet environments 
and wetlands are dominant mosquito producers in urban 
regions, e.g., in Sweden (Åhlen et al. 2023). Other stud-
ies have shown the importance of water in urban parks for 
increased incidence of disease-bearing mosquitoes in Brazil 
as well as in Sweden (Desvars et al. 2015). Furthermore, 
studies in both USA and Europe have reported positive 
associations between mosquito presence, abundance and 
diversity and NDVI, an index of photosynthetic activity 
(Diuk-Wasser et al. 2006; Ferraguti et al. 2016; Reisen et al. 
1990; Roiz et al. 2015). That is, higher values of NDVI 
reflect a greater vegetation cover that may increase resting 
habitats for mosquitoes.

Current knowledge of the spatial distribution of 
mosquitoes within cities and the factors affecting it is 
limited and requires further research. Krüger et al. (2014) 

studied the mosquito fauna of metropolitan Hamburg and 
found that mosquitoes of the pipiens-complex were the most 
common. They used the Corine Land Cover Classification 
(www. eea. europa. eu), lumping all urban land-cover 
categories into one urban class, and considering also three 
“non-urban” classes (Krüger et al. 2014). Using the same 
land cover source for an inventory of the mosquitoes in 
Belgium, Verstiert et al. (2013) report the species found 
in urban areas, showing these to be the least species-
rich environment in Belgium, without further analysis of 
mosquito variations within the urban areas. An inventory of 
Cx. pipiens and Cx. torrentium over Germany also does not 
report variations within the urban areas (Rudolf et al. 2013). 
Models for mosquito prevalence exist on a regional scale 
(e.g., Krol et al. 2023) but, to the best of our knowledge, 
without sufficient spatial resolution and urban domain focus 
for resolving variations within urban areas.

This paper addresses the knowledge and modelling gaps 
of spatio-temporal mosquito variations within urban areas 
under various urban GBI conditions. This is done for the 
city of Uppsala in Sweden as an urban case example, where 
mosquitos were captured and ambient air temperature and 
humidity data were collected at seven different locations 
in the summer of 2022. A WMCA-based (Weighted Multi-
Criteria Analysis) GIS model named Urban Mosquito Preva-
lence (UMP) was also developed based on relevant open data 
and tools for resolving and quantifying the mosquito preva-
lence relationships with GBI features within this Swedish 
case example. Such resolution and quantification are gener-
ally needed, e.g., for urban development planning that needs 
to account for and seek relevant trade-off balances between 
positive and potential negative GBI effects.

Methods

Observations

Field observations of mosquito prevalence, ambient air tem-
perature and humidity were conducted during the summer 
of 2022 (June 1st to September 15th) in Uppsala, Sweden. 
Seven different locations were chosen based on variations in 
land use and urban density (Fig. 1 and Table 1).

Air temperature and humidity were retrieved by Tiny-
tag Plus2 Dataloggers (TPG-4500) at 10-min intervals, 3 
m above ground encapsulated in tube radiation shields. The 
Tinytag logger for the Mixed city location went missing and 
only observations from the mosquito trap are available from 
that location for the present analysis. General meteorologi-
cal parameters (air temperature, humidity, pressure, precipi-
tation) was also retrieved from the official meteorological 
station (station number: 97510) maintained by the Swed-
ish Meteorological and Hydrological Institute (SMHI). BG 

http://www.eea.europa.eu
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Fig. 1  Overview map of study area and mosquito capture locations point in Uppsala, Sweden
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Sentinel traps with  CO2 and without the lure were used. The 
traps were set every two weeks and ran for approximately 24 
h. The trapped mosquitoes were put in a freezer within two 
hours of emptying the traps. Mosquito identification was 
done with the keys in Lindström and Eklöf (2022). To differ-
entiate between Cx. pipiens and Cx. torrentium we used the 
protocol for real-time PCR described in Vogels et al. (2015).

Model description

The UMP-model (Urban Mosquito Prevalence) is a further 
development of the work by Stålnacke (2021). The model 
is a WMCA-based GIS model and is primarily designed for 
implementation using Swedish national geodata, but can 
easily be adapted for and applied to urban areas in other 
countries with similar data availability.

A simplified workflow of the modelling process is shown 
in Fig. 2. The UMP-model is written in Python program-
ming language and exploits the PyQGIS API (QGIS.org 
2023) to prepare, manage, and reclassify the datasets that 
were used as inputs in the WMCA sections of the models. 
FUSION LDV (McGaughey 2009) has been used for all 
LiDAR-processing. All parts of the model and the LiDAR 
data preparation code are available from (Lindberg and Stål-
nacke 2023) with the repository links also given in the Data 
availability section.

Geodata

The datasets used in the model are presented in Table 2. 
The ambition of the data collection was to exploit data 
with a full Swedish national coverage, as one ambition 
of the models developed is the possibility to directly 
implement them in other cities in Sweden. Three datasets 
were used for fine scale building-, ground- and vegetation 
heights, namely a Digital Surface Model (DSM), a Digital 
Elevation Model (DEM) and a Canopy Digital Surface 
Model (CDSM) (Lindberg and Grimmond 2011). These 
datasets are derived from national LiDAR-data produced 
by the Swedish Mapping Cadastral and Land Registration 
Authority (Lantmäteriet) and gridded at 2-m resolution 
(Lantmäteriet 2023). The Leaf Area Index (LAI)-dataset at 
10-m resolution is also derived from the same LiDAR-data 
according to Klingberg et al. (2017). The national land cover 
datasets from the Swedish Environmental Protection Agency 
(Naturvårdsverket) were used for high resolution raster data 
of land cover, land use and object heights. In Swedish, the 
datasets are called Nationella Marktäckesdatan, (NMD). The 
mapping for the NMD-data was performed 2017–2019, and 
the plan is to update the mapping every five years (Swedish 
Environmental Protection Agency 2020). Two vector 
datasets were used, one building dataset and one land use 
dataset, to locate buildings and other land uses of relevance. 
Both were collected from Lantmäteriet (2021).

IUHI‑model

A simple Intra Urban Heat Island (IUHI) sub-model was 
developed to identify areas where oviposition sites are more 
favorable. The model used the inputs of DSM, DEM and 
CDSM as well as a within-model created vector-grid to cal-
culate IUHI from the warming effect of the building density 
and the cooling effect from vegetation.

Oke (2002) proposed a relationship between building's 
height to street's width (H/W-ratio) and maximum urban 
heat island intensity, ΔTu-r(max) during prime weather condi-
tions (clear and calm) to be (Eq. 1):

Table 1  Fractions and heights of buildings and vegetation derived 
from a 100-m radius around each site location

Site location Building 
fraction

Mean 
building 
height

Green fraction Mean 
tree 
height

Allotment garden 0.08 8.7 0.56 9.8
Mixed city 0.25 14.6 0.18 11.9
City centre 0.33 14.6 0.16 9.6
Graveyard 0.01 4.3 0.62 12.7
Botanical garden 0.03 7.8 0.63 7.9
Industry 0.24 6.2 0.06 7.0
Residential 0.31 4.8 0.45 6.9

Fig. 2  A simplified version of the workflow utilized for the Urban Mosquito Prevalence (UMP) model presented in this paper. White boxes indi-
cate sub-models. Grey boxes indicate model results. IUHI = Intra Urban Heat Island, WMCA = Weighted Multi-Criteria Analysis
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where ln(H/W) is the natural logarithm of the H/W-ratio. 
Here, the H/W-ratio was calculated with the following 
Eq. (2) (Lindberg et al. 2015):

where λw is the wall area fraction and λp is the building 
area fraction (also known as Plan Area Index). The λw was 
defined with the following Eq. (3):

where Areawall is the wall area, Arearoad is the road area and 
Arearoof is the roof area (Lindberg et al. 2015). To calculate 
Areawall, the height of walls was needed to be calculated. 
This was accomplished via an algorithm in the Urban Multi-
Scale Environmental Predictor (UMEP)-plugin (Lindberg 
et al. 2018). The algorithm calculates wall heights for each 
building, using the DSM as input layer. λp was calculated 
via an UMEP-algorithm which calculates a variety of urban-
morphological parameters from digital surface models.

The plan area of vegetation (λp veg) was used to calculate 
the cooling effect of trees, via the Eq. (4) from Krayenhoff 
et al. 2021):

The tree cooling effect was subtracted from the H/W-
warming effect to get the IUHI, via the following equation:

(1)ΔTu−r(max) = 7.54 + 3.97 ln
H∕W

(2)H∕W =
�w�p

2�p

(

1 − �p

)

(3)�w =
Areawall

Arearoad + Arearoof

(4)Tree cooling effect = 0.3

(

�p veg

0.1

)

Oviposition model

Cx. pipiens are experts at finding oviposition sites in urban 
areas and they can lay their eggs in a variety of small water 
containers if they remain undisturbed. Due to the high adap-
tive capacity of the Cx. pipiens, as well as the utilized water 
containers being smaller-than- microscale, the complexity 
was hard to grasp via a model. Therefore, a simplified model 
of oviposition suitability was produced. The model reclas-
sifies land use, land cover and IUHI, depending on their 
suitability as oviposition sites for Cx. pipiens. The input data 
and their application can be seen in Table 3.

Flat roofs (slope < 8°) were identified via the DSM and 
the vector-dataset of buildings, as oviposition sites can be 
found on roofs as well. To locate residential gardens, resi-
dential stand-alone houses were extracted from a vector-
dataset of buildings. A buffer zone was created around the 
residential houses, and the buffer was then rasterized, to 
indicate residential gardens. The model reclassified specific 
land cover and land use to a scale of 1–10, indicating how 
suitable the different land uses, and land covers are as ovi-
position sites for mosquitoes. Suitable land use areas are, 
e.g., cemeteries, allotment gardens and residential gardens, 
whereas less suitable are, e.g., airports and motor racetracks. 
Suitable land covers areas are, e.g., deciduous forests on 
wetland, and less suitable are, e.g., roads, open water, and 
impervious surfaces. The reclassified land use and land 
covers were added together, and then divided by 2 to get 
a joint metric for land cover and land use. The model also 

(5)IUHI =
H

W
warming − Tree cooling effect

Table 2  Datatype, pixel size, supplier, coverage, and model of use of the datasets utilized in the study

Data Pixel size (m) Supplier/Processing Model of use

Digital Surface Model (DSM) [R] 2 Generated from Point cloud (Lantmäteriet) Intra Urban Heat Island, Oviposition
Digital Elevation Model (DEM) [R] 2 Generated from Point cloud (Lantmäteriet) Intra Urban Heat Island, Adult
Canopy Digital Surface Model (CDSM) [R] 2 Generated from Point cloud (Lantmäteriet) Intra Urban Heat Island
NMD Land Cover [R] 10 Swedish Environmental Protection Agency 

(Naturvårdsverket)
Oviposition, Adult

NMD Land Use [R] 10 Swedish Environmental Protection Agency 
(Naturvårdsverket)

Oviposition

NMD Object Heights 0.5–5 m [R] 10 Swedish Environmental Protection Agency 
(Naturvårdsverket)

Adult

NMD Object Heights 5–45 m [R] 10 Swedish Environmental Protection Agency 
(Naturvårdsverket)

Adult

Buildings [V] NA Swedish Mapping, Cadastral and Land Reg-
istration Authority (Lantmäteriet)

Oviposition

Land Use Vector [V] NA Swedish Mapping, Cadastral and Land Reg-
istration Authority (Lantmäteriet)

Oviposition, Adult

Leaf Area Index (LAI) [R] 2 Generated from Point cloud (Lantmäteriet) Adult
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reclassified the IUHI-values to a scale 1–10, where relatively 
warmer areas were given higher values. The complete reclas-
sifications of land cover, land use and IUHI can be found 
in Stålnacke (2021) or in the code repository for the model.

Heatmap (Kernel Density Estimation) model

The heatmap algorithm in QGIS (Heatmap (Kernel Density 
Estimation)) creates a density raster of an input point vec-
tor layer using kernel density estimation. Heatmaps allow 
easy identification of hotspots and clustering of points 
and is not, despite its name, related to urban warming. 
The heatmap model used the output from the oviposition 
WMCA (described in section Weighted multi criteria analy-
sis (WMCA)) to create a heatmap of favorable oviposition 
sites in Uppsala. The heatmap was used as input in the adult 
WMCA, as adult mosquitoes are likely to be present in larger 
numbers in areas that are in proximity to suitable oviposition 
sites. The raster pixels were turned into vector points, and 
then a heatmap-algorithm was performed with a maximum 
distance value of 400 m. Higher oviposition-WMCA values 
were given a higher weight, as higher oviposition WMCA-
values were indicative of higher suitability for oviposition.

Adult model

The adult model make use of several spatial inputs, with 
each one being an indicator for mosquito suitability in some 

way. The input data of the adult model and their application 
can be seen in Table 4.

The data layers were reclassified to a scale between 1 and 
10, based on estimated suitability for prevalence of adult 
mosquitoes. However, not all outputs utilized the entire 
scale. The complete reclassifications for each dataset can 
be seen in Stålnacke (2021, Appendix 2) or in the computer 
code for the model (Lindberg and Stålnacke 2023).

The vector land use dataset was reclassified and raster-
ized. More suitable areas were, e.g., urban woodlands. Less 
suitable areas were, e.g., densely built-up areas. The heat-
map (the output from the heatmap model) was reclassified, 
using an equal interval reclassification. Higher heatmap-
values were given higher reclassification-values as adult 
mosquitoes are likely more prevalent in areas in proxim-
ity to their birthplace. Pixels containing vegetation were 
extracted from the NMD land cover-data, which was then 
joined with the merged object height-rasters to obtain the 
heights of the vegetation. This layer was then reclassified. 
In general, lower vegetation was given higher reclassified 
values and higher vegetation was given lower reclassified 
values as Cx. pipiens seldom occupy very tall trees. For the 
NMD land cover, higher reclassified values were given to, 
e.g., vegetated areas, lower reclassified values were given 
to, e.g., roads, water, and impervious surfaces.

NMD land cover was used to find ocean pixels. The ocean 
pixels were used to calculate distance from ocean, which was 
used to calculate the wind reduction by increasing distance 
from the ocean by the Eq. (6):

Table 3  The input data for the 
oviposition model and their 
application

Data Application

NMD Land Cover Locate suitable land cover (e.g., vegetation)
Digital Surface Model (DSM) Locate flat roofs
Buildings Locate residential gardens and flat roofs
Land use vector Locate industrial areas
NMD Land use Locate suitable land use (e.g., cemeteries, 

allotment gardens)
Intra Urban Heat Island (IUHI) Locate relatively warmer areas

Table 4  The input data for 
the adult model and their 
application

Data Application

Land Cover vector Locate suitable land covers (e.g., areas with 
low houses)

Heatmap Locate oviposition areas
NMD Land Cover Locate suitable land cover (e.g., vegetation)
NMD Object heights 0.5–5 m Locate suitable vegetation heights
NMD Object heights 5–45 m Locate suitable vegetation heights
Leaf Area Index Locate highly vegetated areas
Morphological grid Locate morphologically suitable areas
Digital Elevation Model (DEM) Locate less wind affected areas
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where uref is the wind speed at a reference point (2.4 is cho-
sen here, which is the mean wind speed for Uppsala) and dist 
is the distance in kilometers from the ocean (Holmer 1985). 
The wind reduction by increased distance from the ocean was 
reclassified (0 to 10), so that lower wind speeds (further from 
the ocean) were given higher reclassified values and vice versa.

The DEM was used together with the morphological grid 
to get the mean altitude of the grid cells. The mean altitude 
was used to calculate how the wind speed is affected by alti-
tude, using the wind power law, via the equation below (7):

where u is the wind speed at height z, ur is the known wind 
speed at the reference height zr and a is the power exponent. u 
was set to 2.6 representing the mean wind speed in Uppsala at 
2 m above ground (reference height). a was given the value 0.2 
(Givoni 1998). The morphological grid contains the λp veg, which 
was used as an indicator for bird-rich areas. As the Cx. pipiens is 
ornithophilic, they will likely look for bloodmeals in areas with 
a higher number of birds. A higher degree of canopy (or vegeta-
tion) cover has been found to be an indicator for higher species 
richness, as well as higher number of individual birds (Hedblom 
and Söderström 2010). The λp veg was reclassified, where higher 
λp veg-values are given higher reclassified values and vice versa.

The Cx. pipiens, like other mosquitoes, are affected by 
wind patterns in their movement, and are less likely to be 
found in areas with strong winds. The morphological grid 
contains the parameter Frontal Area Index (λf) of both veg-
etation (λf veg) and buildings (λf buildings). λf is a metric which 
indicates the area of building walls, or tree trunks, facing a 
specific wind direction relative to total ground area (Wong 
and Nichol 2013). Higher values of λf indicate areas where 
wind speeds are reduced due to interference of buildings 
or vegetation (ibid). The Leaf Area Index (LAI) is also an 
indicator of wind reduction from vegetation; however, a 
porosity value must first be added to the LAI. The foliage 
state of vegetation affects the porosity (and therefore the 
wind reduction) of the vegetation (Kent et al. 2017). More 
foliage gives lower porosity and vice versa. The equation 
for merging LAI, λf veg and λf buildings can be seen below (8).

LAI porosity was set to 0.6. In their search for suit-
able areas to inhabit, Cx. pipiens often look for vegetated 
areas which provide both shade and a higher humidity 
than non-vegetated areas. As an indicator for shade and 
humidity, LAI was used (Andersson-Sköld et al. 2018). 
The LAI-data was reclassed, where higher LAI-values are 
given a higher reclassed value.

(6)Wind speed = uref ∗ e0.015∗dist

(7)u = ur
(

Z∕Zr

)a

(8)Wind reduction =

[

�f veg(LAI ∗ porosity) + �f buildings

]

2

Weighted multi criteria analysis (WMCA)

A Weighted Multi Criteria Analysis (WMCA) was used to 
combine the different reclassed datasets to locate areas in 
Uppsala with relatively higher and lower suitability for the 
Cx. pipiens, both regarding oviposition and adult distribu-
tion. The WMCA for oviposition sites only had two inputs, 
namely the IUHI-raster and the combined land use and land 
cover raster layer. The weights of the two raster layers were 
0.9 and 0.1, respectively. The reasoning for the weighting 
was that the Cx. pipiens are highly adapted to finding ovi-
position sites all over an urban area and are therefore not 
strongly affected by air temperature variations in the city. 
Therefore, the IUHI-layer was not seen as a decisive param-
eter, but rather as an indicator for areas where mosquito 
development may be accelerated due to relatively warmer 
air temperatures.

The input data for the adult WMCA and their weights 
can be seen in Table 5. All raster layers used in the WMCA 
were of importance however, not all parameters were given 
equally importance. In general, the weights were distributed 
to give higher weights to well- known and strong indicators 
(e.g., LAI) and to parameters that will affect mosquito dis-
tribution more efficiently (e.g., heatmap and ocean-altitude 
wind patterns). Subsequently, lower weights were given 
to parameters that are believed to be important, but not 
as important as the other parameters. LAI had the highest 
weight due to the metric being a strong indicator for shade 
and humidity. The heatmap was given the highest weight, 
as Cx. pipiens are not believed to fly far away from their 
birthplace. The land use had medium–high weight due to 
the parameter being useful in demarcating suitable land 
uses from unsuitable. The ocean-altitude wind patterns had 
medium- high weight, due to wind influencing mosquito 
distribution. λp veg was given medium–high weight, as the 
Cx. pipiens are more likely to inhabit bird-rich areas. The 
vegetation height had medium–low weight, as the level of 
influence of vegetation heights on the distribution of Cx. 

Table 5  The weights provided to the raster layers used in the WMCA 
for adult distribution

Sum of all weights = 1

Raster Weight

LAI 0.18
Heatmap (oviposition) 0.18
Land use 0.13
Ocean-altitude wind patterns 0.13
λp veg 0.13
Vegetation heights 0.1
Merged LAI, λf veg and λf buildings 0.1
NMD Land cover 0.05
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pipiens is not fully understood. Medium–low weight was 
given to the merged LAI, λf veg and λf buildings as the wind 
reduction from vegetation is already partially given in 
the LAI-parameter. So, to avoid an overrepresentation of 
vegetation-parameters, the merged LAI, λf veg and λf buildings-
parameter was given lower weight. NMD Land cover had 
low weight as the parameter was mostly used to mask away 
unsuitable areas (e.g., roads and water).

Results

Observations of mosquito prevalence and local climate

All in all, 452 specimens of 10 species were trapped 
throughout the field campaign (Table 6). The most com-
mon was female Culex pipiens, accounting for 69.5% of the 
total number of trapped mosquitoes.

The population numbers of trapped mosquitoes-
foremost Culex (Cx) pipiens-are increasing from spring 
up late summer and then decreasing as females are 
not taking any more bloodmeals late in the season to 
prepare for the winter (Fig.  3a). The general summer 
weather in Uppsala, 2022, is represented by daily air 
temperature and precipitation, as officially provided for 
the associated meteorological station from SMHI and 
shown in Fig. 3b. The numbers of mosquitoes trapped 
vary substantially depending on location within the city. 
The two sites where most mosquitoes were trapped are 
the botanical garden and the allotment gardens. The 
residential (detached houses) area also shows relatively 
high number of trapped animals. The more urbanised 
sites (industry, city centre, mixed city) show the lowest 
number of mosquitoes trapped throughout the season. 
Surprisingly, a low number of mosquitoes was caught in 

the graveyard. This is further discussed in the Discussion 
section. No clear relationships are found between ambient 
air temperature and humidity over time and number of 
mosquitoes trapped (not shown).

When comparing the air temperature difference 
between the different site locations and the standard 
meteorological site (SMHI) it is shown that the air tem-
perature increases with building volume fraction (Fig. 4a) 
i.e., the denser the more intense intra urban heat island 
(IUHI). This urban heat island effect is a well-known 
phenomenon and shown before in Uppsala by pioneering 
work made by Sundborg (1951). However, no relationship 
 (R2 = 0.02) is found between the IHUI and total number 
of captured mosquitoes (not shown). There is also a clear 
relationship, but not significant (p > 0.05), between green 
factor and number of mosquitos captured. When com-
paring the humidity difference between the different site 
locations and the standard meteorological station, it is 
shown that the air humidity increases with higher green 
fraction (Fig. 4b, here represented by trees and grass (see 
Fig. 1). A significant linear relationship (excluding the 
graveyard location) between number of trapped mosqui-
toes and specific humidity is found (Fig. 4d), where the 
number of mosquitoes increases with increased air humid-
ity (p < 0.05). This implies that mosquito prevalence is 
connected to intra-urban humidity differences developed 
from differences in urban greening, but not to intra-urban 
temperature differences. No covariation between humidity 
and temperature were found (not shown).

Model results and evaluation

The oviposition map i.e., potential attractive areas for 
mosquitos to lay their eggs, show large intra-urban vari-
ations (Fig. 5, left), with gardens and parks being most 
attractive and impervious surfaces and flatlands being 
least attractive. No clear urban effect, i.e., urban–rural 
differences is found. The adult map, i.e., potential 
attractive areas for mosquitos (Fig. 5, right), however 
show a clear urban effect with the central densely built-
up areas having lower attractiveness than surrounding 
landscapes (e.g., forests, and gardens). Green areas 
within the urban areas, such as gardens and parks form 
islands of higher attractiveness for mosquitoes.

The raw-value heatmap generated from the oviposition 
WMCA map in Fig. 5 (left) is shown in Fig. 6. Blue areas 
(high values) indicate areas more favourable sites for ovi-
position. This map is later linearly reclassified between 
1 and 10 before it is used in the adult WMCA creating 
the final output of the model. The central parts of the 
heatmap show the lowest values meaning that these parts 
of Uppsala is where the lowest number of mosquitoes are 
hatched based on the model presented here. As shown in 

Table 6  Species and specimens captured in the field campaign 2022 
Uppsala, Sweden

Species Number of 
specimens

%

Culex pipiens 314 69.5
Culex torrentium 71 15.7
Aedes cantans 22 4.9
Coquillettidia richiardii 21 4.6
Aedes cinereus 11 2.4
Culiseta morsitans 5 1.1
Aedes vexans 4 0.9
Aedes punctor 2 0.4
Anopheles maculipennis s.l 1 0.2
Aedes sticticus 1 0.2
Total 452 100.0
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Tab. 5, the heatmap in Fig. 6 has the weight 0.18 which 
means that the oviposition heatmap only contributes by 
18% of the final spatial pattern as shown in Fig. 5 (right).

The model shows an overall good agreement  (R2 = 0.66, 
p < 0.05) with the observations (Fig. 7). The model out-
put can theoretically vary between 1 and 10 based on the 
WMCA, where high values are locations with predicted high 
prevalence of mosquitoes. The allotment garden show the 
highest predicted prevalence, followed by the graveyard, the 
botanical garden and the residential area, whereas densely 
built-up areas (mixed city, city centre and industry) show 
the least predicted prevalence, which is consistency with the 
numbers of captured mosquitoes, except for the graveyard 
where the model predict higher prevalence of mosquitoes 
than observed.

Discussion

Observation of mosquito prevalence

In this study the prevalence and distribution, of mosqui-
toes within the urban area of Uppsala during the Summer 
of 2022 is quantified, both in time as well as space. As 
shown in Fig. 3, the total population grows up until late 
July early August and then gradually decline as seen in 
other studies (Spielman 2001). The summer of 2022 was 
close to a normal summer where levels of precipitation and 
temperature were around the climatological average for the 
Uppsala region. There is a clear spatial pattern where sites 
that can be considered as more urban, i.e., have higher 
building compactness, more impervious surfaces and less 

Fig. 3  A Number of mosquitoes captured at seven locations from late June to early September 2023. B Air temperature and precipitation from 
meteorological station 97510 (of the Swedish Meteorological and Hydrological Institute (SMHI)) during the observation period summer 2023
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green, have lower prevalence of mosquitoes throughout the 
Summer. In contrast, a higher green-area fraction, such as 
in the allotment area and the botanical garden, have the 
highest prevalence of mosquitoes trapped in this study. 
The temporal and spatial patterns also follow each other, 
i.e., the variation in time does not change the intra-urban 
spatial pattern of mosquito prevalence. High positive 

correlation is found between the prevalence of adult mos-
quitoes and specific relative humidity (Fig. 4d,  R2 = 0.91, 
p < 0.05), if the anomalous graveyard site is excluded. A 
relatively high correlation is also found between green-
area fraction and specific humidity (Fig. 4b,  R2 = 0.45) 
indicating that the green-area fraction variable can be used 
as a proxy for mosquito prevalence in urban areas.

Fig. 4  Scatterplots and linear fits of A building volume fraction ver-
sus average urban rural temperature difference from the the stand-
ard meteorological site (of the Swedish Meteorological and Hydro-
logical Institute (SMHI)), B green fraction (grass and trees) versus 
urban rural humidity difference from the standard meteorological 

site (of SMHI, station no. 97510), and total number of mosquitoes 
captured versus average difference in the capture sites from the 
standard meteorological site (of SMHI) for C green fraction, and D 
specific humidity. The green line and textbox show the linear fit if 
the Graveyard site is excluded
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As mentioned, the graveyard result is anomalous com-
pared to the general pattern found in this study, in that it 
has a high green-area fraction and a low building volume 
fraction but still does not have a high number of trapped 
mosquitoes (Fig. 4). A reason for this could be that this site 
includes mature and high trees with a relatively low fraction 
of low vegetation. This is exemplified in Table 1, with the 
graveyard having the highest mean tree height. As Cx. pipi-
ens, which is the dominating captured species, prefer birds 
for their blood meal, it could be so that the majority of the 
mosquito population did not prevail on the ground, where 
the trap was located, but higher up in the tree crowns, along 
with the majority of the bird population. A previous study by 
Hutchinson et al. (2007) has shown that significantly more 
Cx. pipiens s.l. were trapped at 5 m height compared to 1 or 
2,5 m height. Similar results were also found by Russel and 
Hunter (2010), who trapped significantly more Cx. pipiens at 
5 m than at 1,5 m. Moreover, L’Ambert et al. (2012) showed 
that, even though overall more mosquitoes are trapped close 

to the ground, for Cx. pipiens a larger population fraction is 
found in tree canopies. The latter finding is also consistent 
with the earlier study by Anderson et al. (2004), comparing 
the number of Cx. pipiens trapped at ground level to the 
number trapped in tree canopies, and finding that signifi-
cantly more Cx. pipiens were trapped in the tree canopies. It 
is therefore plausible that Cx. pipiens would mainly be found 
in the tree canopies of the graveyard site with its high trees 
and small undergrowth.

The observations in this study were made at seven sites 
throughout summer with the aim to choose sites that covered 
a broad spatial variation within the city of Uppsala. Based on 
some screening observations in the summer of 2021 of more 
sites and fragrances, we chose to focus the final study on a 
selection of fewer sites and one fragrance throughout the 
summer. More sites would have been logistically challenging 
when also attempting to cover the temporal variations over 
the summer. Hence, instead of having more sites, the traps 
were set out many times at the selected seven final sites, 

Fig. 5  Output from the UMP model developed in this study. Left: 
Oviposition WMCA. Right: Final adult WMCA. The scales in both 
legends show the model score where higher numbers are more attrac-

tive locations for oviposition and adult presence, respectively. Pixel 
resolution is 10 m
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providing a better view of the relation between the spatial 
and temporal variations of mosquito prevalence within the 
urban environment.

Model performance and evaluation

The correlation between the UMP-model results and obser-
vations is high  (R2 = 0.66, p < 0.05, omitting the graveyard; 

Fig. 7). Even if the graveyard is included the correlation is 
relatively high  (R2 = 0.4; Fig. 7). The model thus seems to 
capture most of the spatial pattern and can predict the occur-
rence of mosquitoes in the studied Swedish city based on 
commonly available geodata. One model limitation is the 
absence of a more detailed description of the vertical distri-
bution of vegetation, which could account for the tree can-
opy favoring of Cx. pipiens. Model extension to overcome 

Fig. 6  The heatmap generated 
from the oviposition WMCA. 
Pixel resolution is 2 m
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this limitation could be used to identify areas, such as the 
graveyard site, with mature, tall trees and sparse lower veg-
etation (e.g., Lindberg and Grimmond 2011).

The UMP-model developed and tested in this paper relies 
on open-source tools and open national geodata for Sweden. 
This makes it readily possible to transfer and replicate the 
modelling for other cities in Sweden. More detailed propri-
etary data could be available that could be used to improve 
model performance. Transferring this model to cities in 
other parts of the world, outside of Sweden, is also promis-
ing since most of the datasets available for Swedish cities 
are also commonly available for cities in other countries, for 
example land cover and land use data which are available 
for cities over both global and regional/national scales (e.g., 
Goldenberg et al. 2021). One challenge could be to interpret 
and convert land cover/land use classes as these may differ 
between datasets.

Overall, this study has demonstrated the importance of 
green-area fraction (grass and trees) for mosquito preva-
lence. Thus, it is important to use high quality data that can 
represent vegetation with high resolution in urban environ-
ments. LiDAR data is one such data source, providing the 
raw data for many of the input layers used in our model 
(elevation models and LAI), and becoming increasingly 
available on national level for many counties around the 
world (Kakoulaki et  al. 2021). Here, LiDAR is used to 
derive LAI from remote sensing techniques. The results of 
the used LAI model (Klingberg et al. 2017) are to some 
extent sensitive to how the data was acquired and processed 
by the vendor. Examining the final adult model in detail 

(Fig. 5, right), one can identify some north to south linear 
features, e.g., in the eastern part of the study area, due to 
flight overlaps with more returns affecting the LAI-model 
results. By exploiting the ThinData-algorithm in FUSION 
LDV (McGaughey 2009), reducing the number of returns in 
these areas, the effect is minor.

As this is a simple linear WMCA model, the weights can 
be altered if and as more data become available, or if some 
data sources are unavailable. One of the strengths of this 
model is its two parts, one for estimating oviposition and 
the other an adult model providing the final result. We have 
chosen not to further calibrate model weights and scores 
based on the actual numbers of captured mosquitoes, but 
rather use the obtained model results as an indication on the 
urban spatial distribution of mosquitoes.

Concluding remarks

The Uppsala case study shows that the developed WMCA 
model can resolve mosquito prevalence variations and their 
GBI relationships within urban environments. A clear rela-
tionship is seen with green-area fraction (grass and trees), 
indicating that urban GBI extension can enhance mosquito 
prevalence, with possible negative impacts on infectious dis-
ease spreading, along with the important urban GBI benefits. 
This relationship is also supported directly by data, showing 
greater mosquito prevalence with higher ambient humidity, 
which is in turn related to larger green-area fraction. This 
study also show that intra urban temperature differences has 
no effect on mosquito prevalence.

The UMP-model ability to satisfactory estimate 
 (R2 = 0.66, p > 0.05) spatial mosquito variations within Upp-
sala based on open data and tools is promising and calls for 
further research on the possible wider applicability of this 
modelling approach to various urban conditions. Identifica-
tion and quantification of urban relationships between mos-
quito abundance and different GPI features around a city are 
generally needed, e.g., in urban development planning that 
needs to account for and seek relevant trade-off balances 
between positive and negative effects of urban GBI changes. 
The presented WMCA modelling approach can contribute to 
such urban accounting capability and has emerged as worthy 
of further testing for other cities in Sweden and other parts 
of the world.
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