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A B S T R A C T   

West Nile Virus (WNV) has recently emerged as a major public health concern in Europe; its recent expansion 
also coincided with some remarkable socio-economic and environmental changes, including an economic crisis 
and some of the warmest temperatures on record. Here we empirically investigate the drivers of this phenom-
enon at a European wide scale by constructing and analyzing a unique spatial–temporal data-set, that includes 
data on climate, land-use, the economy, and government spending on environmental related sectors. Drivers and 
risk factors of WNV were identified by building a conceptual framework, and relationships were tested using a 
Generalized Additive Model (GAM), which could capture complex non-linear relationships and also account for 
spatial and temporal auto-correlation. Some of the key risk factors identified in our conceptual framework, such 
as a higher percentage of wetlands and arable land, climate factors (higher summer rainfall and higher summer 
temperatures) were positive predictors of WNV infections. Interestingly, winter temperatures of between 2 ◦C 
and 6 ◦C were among some of the strongest predictors of annual WNV infections; one possible explanation for 
this result is that successful overwintering of infected adult mosquitoes (likely Culex pipiens) is key to the in-
tensity of outbreaks for a given year. Furthermore, lower surface water extent over the summer is also associated 
with more intense outbreaks, suggesting that drought, which is known to induce positive changes in WNV 
prevalence in mosquitoes, is also contributing to the upward trend in WNV cases in affected regions. Our in-
dicators representing the economic crisis were also strong predictors of WNV infections, suggesting there is an 
association between austerity and cuts to key sectors, which could have benefited vector species and the virus 
during this crucial period. These results, taken in the context of recent winter warming due to climate change, 
and more frequent droughts, may offer an explanation of why the virus has become so prevalent in Europe.   

1. Introduction 

Over the past few decades, new health risks have been emerging in 
Europe, particularly with the recent appearance of vector borne diseases 
(VBDs) such as Chikungunya, West Nile Virus (WNV), Dengue (DENV-1) 
and Crimean-Congo haemorrhagic fever [1–3]. Rising temperatures are 
likely increasing the transmission potential of tropical VBDs in Europe, 
by affecting the geographic spread, abundance, survival and feeding 
activity of vector species and benefiting pathogen development in 
infected vectors [4–9]. This, combined with other factors such as human 

population growth, intensive animal rearing, global commerce, air 
travel, urbanization and land-use changes, is increasing the chances of 
novel diseases to enter and emerge in Europe [10–13]. 

In this study, we focus on WNV, a single-stranded RNA Flavivirus 
closely related to other Flaviviridae pathogens such as dengue, Japanese 
encephalitis and yellow fever viruses [14]. Although WNV is a zoonotic 
pathogen, infecting mammals, particularly humans and horses, the 
transmission cycle is believed to be driven mainly by mosquitoes and 
birds [15], although some wild mammals may serve as intermediate 
hosts for West Nile virus [16]. 
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West Nile Virus (WNV) has recently emerged as a major public health 
concern in Europe, its recent expansion also coincided with some 
remarkable socio-economic and environmental changes, including an 
economic crisis and some of the warmest temperatures on record. To 
date, there has been very little research investigating this phenomenon 
at a European wide scale and more work is required to reveal the key 
drivers of the disease. A better understanding of this phenomenon can 
help public health officials design health prevention measures and 
develop better predictive models for public health risk management. 
More specifically, little work has been done to explore the association 
between the rise of WNV in Europe and the economic crisis unfolding 
from 2008 on-wards. Although the study of physical factors is key in 
understanding disease transmission and distribution, few articles have 
considered links among societal factors, like changes in the economy 
and in policy making [17,18], which we know can have wide and un-
intended effects on natural ecosystems and, eventually, on disease [19]. 
Although examining such factors presents certain challenges and un-
certainties, given the scales involved and lack of data, the continuation 
of abrupt socio-economic changes (brought by the COVID-19 pandemic) 
and climate change impacts indicate an urgent need to examine such 
statistical relationships more closely, at the very least to open up 
scholarly debate and instigate further research on the topic. 

Since 2010, WNV has been reported in 14 EU countries including 
Austria, Bulgaria, Croatia, Cyprus, Czechia, France, Greece, Hungary, 
Italy, the Netherlands, Portugal, Romania, Slovenia and Spain; and has 
also been reported in five neighboring EU candidate countries including 
Albania, Montenegro, Serbia, Turkey and Kosovo [20,21]. In 2010, 
major outbreaks hit Greece, Hungary, Romania, and Turkey. Since then, 
outbreaks have occurred annually in multiple regions, including more 
northerly regions that had not previously reported cases, like Germany 
and the Czech Republic (see Fig. 1). This culminated in another major 
outbreak in 2018, that affected more regions than had been recorded in 
previous years. 

Generally, WNV distribution is determined by the presence of suit-
able mosquito vectors and avian hosts, such as terrestrial and wetland 
birds. The spring migration of birds from infected regions of Sub- 
Saharan Africa to temperate regions of Europe is considered to be one 
of the main drivers of the disease in Europe [22,15]. In Europe, the main 
vectors are Culex pipiens, Culex modestus, and Coquillettidia richiardii, 
although Aedes species can also transmit the disease [15] (see [23–25] 

for vector distribution maps). 
Although WNV infections are more common of late, sporadic out-

breaks have occurred in humans and equines in southern and eastern 
European countries over the last century; the majority of which have 
occurred in wetland areas and densely inhabited urban areas [15]. 

To examine the recent rise of WNV infections in Europe in more 
depth, we empirically investigate the combined effect of three sets of 
factors: (1) Climate/environmental factors including temperature, 
rainfall and surface water; (2) land-use factors including continuous/ 
discontinuous urban fabric which represents physical characteristics of 
urban areas e.g. densely populated areas like cities or less dense areas 
like villages, regional coverage of wetlands and arable land; (3) socio- 
economic factors that capture the associations of the economic crisis 
and are proxied by GDP growth, central government spending on areas 
of the environment including agriculture, forestry and fisheries and 
waste water management. Our analysis focuses on regions in the 7 Eu-
ropean countries where WNV has been regularly reported – Austria, 
Bulgaria, Croatia, Greece, Hungary Italy, and Romania. The time series 
data set captures the time period before and after the economic crisis 
(2007–2019). 

1.1. Conceptual framework 

WNV transmission requires the presence of competent vectors, a 
suitable climate and a susceptible host population. Studying WNV 
transmission at a macro scale presents significant challenges, since key 
data on the seasonal and annual abundance of competent mosquitoes 
and birds are not available; this is further complicated given the hun-
dreds of potential host bird species in Europe [26]. To explain human 
infections, we therefore use environmental risk factors known to attract 
vector, and host. Furthermore, vector abundance for a given season is 
modulated by physical and environmental factors, such as temperature, 
rainfall and water resource availability [15,27,14]. We therefore use 
proxies that can predict mosquito abundance. 

1.1.1. Modulating factors 
Typically, with most tropical and temperate mosquito species, 

elevated temperatures allow vector populations to increase their growth 
and reproduction rates, which in turn decreases blood meals intervals, 
accelerating transmission and virus evolution rates [28]. Furthermore, 

Fig. 1. Koppen–Geiger (CG) Climate Classification in study regions. Colored areas correspond to the overlap between the known WNV distribution and the CG 
classification in those areas. Areas highlighted in white represent places where human WNV infections have not been reported. (Data source: koeppen-geiger.vu- 
wien.ac.at). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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increasingly warmer winters allow mosquito vectors to expand their 
breeding seasons and survive during winter, either as eggs or as over-
wintering female mosquitoes. Weather conditions and climatic factors 
can also affect vector competence [14]. Viral replication rates and 
transmission of WNV are modulated by ambient temperature, affecting 
the length of the extrinsic incubation period (EIP), seasonal phenology 
of mosquito host populations and also times at which humans and 
mosquitoes come into contact [29]. Generally, higher rainfall in warmer 
weather can lead to higher mosquito abundance and disease trans-
mission by increasing the potential habitat suitable for mosquito 
reproduction, e.g. standing water [30,15,31]. Conversely, sometimes 
drought and shrinking water resources can also bring some species into 
closer contact, facilitating transmission and amplification of WNV 
within these locations [14]. To represent these points in our 
data-set/model, we selected mean winter temperature, mean summer 
temperature, number of days of rainfall in summer and summer surface 
water extent (a count of the number of satellite surface water observa-
tions per region represented as pixels in a geographic raster layer). 

1.1.2. Risk factors 
West Nile virus circulation in Europe is usually confined to two 

different cycles and ecosystems: the sylvatic and the urban synanthropic 
cycle. Rural locations, including river deltas and floodplain areas, help 
create a sylvatic cycle, where wild, usually nesting wetland birds and 
ornithophilic mosquitoes Culex pipiens, Culex modestus, Coquillettidia 
richiardii) create the conditions for maintaining WNV transmission. In 
urban synanthropic cycles, mosquitoes, such as Culex pipiens or Culex 
modestus, feed on domestic birds and humans. However, these two cycles 
can overlap, so areas with wetlands close to human populations can be 
particularly vulnerable to the disease [15]. Irrigation from agriculture is 
also heavily linked to a greater incidence of human and veterinary WNV 
infections [32]. In order to represent these factors in our data set and 
final models, we selected land use variables (% cover) representing 
urban areas (metro areas), semi urban areas (lower density human set-
tlements), wetlands and arable land. 

1.1.3. Economic crisis 
We would expect the repercussions of an economic crisis to affect 

WNV transmission in several ways, at the individual level (bottom-up) 
and government level (top-down). Previous studies have shown that 
socio-economic factors tend to influence the distribution and intensity of 
mosquito-borne diseases both pre-infection and post-infection [33]. 
Poorer communities are less likely to have air-conditioned homes, tap 
water and adequate drainage, and therefore may be more exposed to 
biting mosquitoes. Several studies have demonstrated the link between 
WNV infections and a range of local-level socio-economic and de-
mographic factors such as income, sanitation, and population density 
[22,34,35]. In general, we would expect to see a drop in living standards 
in regions experiencing an economic shock followed by sluggish eco-
nomic growth. Those people most affected would find it more difficult to 
prevent mosquito infections through direct measures i.e. sprays and 
repellents and less likely to pay for things that indirectly influence WNV 
transmission, like the upkeep of homes and use of air conditioning. 
Factors associated with higher economic status can also bring humans 
into closer contact with mosquitoes, for example, home owners with 
gardens and potted plants, swimming pools and ponds or having good 
access to recreational space where mosquitoes can breed [36,37]. 
However, neglect of such things through economic decline can have 
further unintended effects, even in wealthy neighborhoods [38–40]. 

Mosquito control (mosquito abatement) is regarded as an effective 
way to reduce the incidence of WNV in humans [14]. It is well docu-
mented, for example, that during the European debt crisis, the Greek 
government cut mosquito abatement budgets, which may have led to a 
rise in vector borne disease outbreaks such as malaria and WNV [41]. 
WNV transmission is most likely to occur in places that favor the larval 
development of Culex pipiens, such as poorly drained low-lying areas, 

urban storm-water catch basins and manhole chambers, roadside 
ditches, sewage treatment lagoons, and man-made containers around 
houses, or other aquatic environments where mosquitoes deposit their 
eggs [14]. Additionally, during periods of austerity, governments can 
neglect hazard prevention efforts, such as spending on flood defenses, as 
well as essential works like sanitation and up-keep and improvement of 
infrastructure [42]. Such degradation can lead to the creation of mos-
quito habitats [14,15,42]. Another critical component of preventing 
disease transmission is through public education programs and health 
promotion, educating the public on measures which can prevent being 
bitten can reduce risk of exposure. In general, we would expect to see a 
general deterioration in a government ability to run such programs 
during crisis and austerity. Other consequences of austerity can be ex-
pected in decreased disease detection because of cuts in public health 
services, prolonged periods between initial infection and treatment 
seeking due to dysfunctional healthcare systems, and reduced treatment 
of disease, all of which can lead to more intense outbreaks [43]. 

In order to represent the economic crisis in our model, we selected 
regional GDP and central government spending on healthcare; agricul-
ture, forest and fisheries management; and wastewater management. 
Rather than using actual annual values, or year on year growth, we look 
at increases or decreases in growth using 2007 baseline levels, just 
before the crisis hit Europe. As a priori, we would expect WNV incidence 
to be associated with negative growth or very low growth in these 
sectors. 

2. Materials and methods 

In this study, we compiled a unique spatial–temporal data-set that 
captures the main drivers and risk factors of WNV infections in Europe, 
based on findings from the conceptual framework. Since WNV infection 
data is only available at the European NUTS 3 level (aggregated areal 
health data), our empirical strategy relies on aggregated areal health 
data. We selected regions for the study where autochthonous virus 
transmission had occurred at least once over the reporting period in the 
selected countries. By applying this criteria, we were left with 166 re-
gions in total for the analysis. We assumed that all regions included in 
the study could be influenced by migratory birds that form part of the 
African and European flyways [44]. 

2.1. Data sources 

The following subsection describes data sources for the study. For an 
extended description of data extraction and processing techniques, see 
Supplementary File 1. 

All data were aggregated annually at the European NUTS 3 country 
subdivision level (apart from central government spending data which 
was sourced at the country level), to produce a yearly panel data-set. The 
NUTS 3 classification represents small regions with a population ranging 
from 150,000 to 800,000 and is part of the Nomenclature of Territorial 
Units for Statistics (NUTS) classification system, used to divide eco-
nomic territories of the EU into three hierarchical sub categories for the 
purpose of data collection and statistical analysis (see [45] for further 
information). 

WNV case data were provided on request by the European Centre for 
Disease Prevention and Control (http://www.ecdc.europa.eu). Case 
data are collected weekly by EU member states and affiliates. Positive 
cases were confirmed by at least one of the following techniques: (1) 
isolating WNV or WNV nucleic acid from blood or cerebrospinal fluid 
(CSF); (2) inducing a WNV-specific antibody response (either IgG/IgM) 
in a serological test. We should also bear in mind that the actual number 
of cases in Europe is likely to be much higher than reported, since most 
people infected with WNV will not develop symptoms (are asymptom-
atic). Around 20% of those infected with WNV will develop West Nile 
fever, a flu like illness, or severe West Nile disease [14]. All cases were 
aggregated yearly to create the annual panel data-set. 
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Economic data were extracted from the Eurostat database (http 
s://ec.europa.eu/eurostat/data/database), which provides comparable 
statistics and indicators and is presented in yearly time series. To capture 
factors determining the economic crisis, austerity and cuts to public 
spending, we selected regional Gross Domestic Product (GDP); country 
level agriculture, forestry, fisheries spending; country level waste water 
spending, and country level health spending. The “Agriculture, forestry, 
fisheries spending” variable captures spending in rural areas that help to 
improve the environment and agricultural development, that can benefit 
agricultural workers and/or mechanize production [46]. In order to 
represent spending before and after the economic crisis, we created a 
baseline index for each variable set at 2007 levels, which represented 
negative or positive growth from the point just before the economic 
crisis hit Europe. Population count data to predict the number of people 
at risk in a region were sourced from the Socio-economic Data and 
Applications Center’s Gridded Population of the World data set [47]. 
This data-set estimates the population count, consistent with national 
censuses and population registers. 

Climate data were sourced from the E-OBS Gridded Data-set [48]. 
This data-set was created using a series of daily temperature and rainfall 
observations at meteorological stations throughout Europe. 

Land use statistics i.e., “Continuous urban fabric”, “Discontinuous 
urban fabric’, “Wetlands (fresh water)” and “Arable land” were captured 
sourced from the CORINE Land Cover (CLC) database [49], which 
provides data on the biophysical characteristics of the Earth’s surface. 
Regional surface water data was sourced using the JRC Monthly Water 
History, v1.2 data set [50]. This data set contains maps of the location 
and temporal distribution of surface water from 1984 to 2019 and 
provides statistics on the extent and change of water surfaces. 

2.2. Final data-set 

Table 1 provides descriptive statistics of the final data-set. We did not 
include “Mean temp spring (◦C)” in our final data set as it was correlated 
with winter and summer temperature variables; we concluded that we 
would capture more variation using the winter and summer variables 
which were not highly correlated. Healthcare spending was also not 
included in the final analysis as it was highly correlated with GDP (see 
Additional File 1 for data and model diagnostics). 

2.3. Statistical methods 

The relationship between the incidence of WNV infections (per 
100,000) and the climate, land-use, and economic factors was modeled 
via a Generalized Additive Model (GAM), which also accounted for the 
spatial and temporal auto-correlation. One of the main issues with our 
data-set is that it does not meet some basic assumptions for statistical 
inference, and specifically the data are not independent and identically 
distributed random variables (iid). More specifically, the data-set 
captured repeated measurements over the same regions, and observa-
tions were not independent because of spill over effects from neigh-
boring regions. Therefore, spatial auto-correlation in the GAM model 
was approximated by a Markov random field (MRF) smoother, defined 
by the geographic areas and their neighborhood structure. We used R’s 
Spdep package [51] to create a queen neighbors list (adjacency matrix) 
based on regions with contiguous boundaries i.e. those sharing one or 
more boundary point. We used a full rank MRF, which represented 
roughly one coefficient for each area. The local Markov property as-
sumes that a region is conditionally independent of all other regions 
unless regions share a boundary. This feature allowed us to model the 
correlation between geographical neighbors and smooth over contig-
uous spatial areas, summarizing the trend of the response variable as a 
function of the predictors (see Section 5.4.2 of [52]. In order to account 
for variation in the response variable over time, not attributed to the 
other explanatory variables in our model, we used a saturated time effect 
for years, where a separate effect per time point is estimated. 

Since not all regions report cases every year, we fit the our main 
model using the Tweedie distribution, which can handle excess zeros 
[53]. This distribution also allowed us to model the non-negative, 
right-skewed integer case data as the incident rate per 100,000. 

The empirical model can then be written as: 

E(Y) = f1(Xit) + fn(Yeart) + fm(Regioni)

where the f(.) stands for smooth functions; E(Y)it is equal to the WNV 
infection incidence per 100,000 in region i at time t, which we assume to 
be Tweedie distributed; Xit is a vector of economic, demographic, 
environmental and climate variables. Yeart is a function of the time 
intercept and Regioni represents neighborhood structure of region. 

We built the statistical model in a step-wise fashion using the lowest 
Akaike Information Criterion (AIC) to help us assess the different spec-
ifications. The AIC allows us to measure model performance accounting 
for model complexity and reflects how well the model fits the data. 

We selected relevant variables in each specification according to 
their category, i.e. climate, land-use and economic. All variables were 
included in the final specification to ascertain the contribution of each 
driver, all else equal. 

3. Results 

Fig. 1 characterizes the climate in the study regions. As we can 
observe, WNV infections occur in regions with climates that can be 
described as “Hot-summer Mediterranean”, “Humid subtropical”, 
“Temperature oceanic” and “Warm-summer humid continental” or 
“Temperate oceanic”. Fig. 2 shows the WNV infection incidence rates 
over the study period. From 2007 to 2009, very few regions were 
affected by WNV, however, 2010 saw an outbreak that spread far and 
wide. Since 2010, the number of regions that have been affected by WNV 
increased. In 2018, a massive outbreak affected almost all of the regions 
in our study. 

Table 2 shows the results of our statistical analysis and summarizes 
the relevant statistics (AIC, BIC and Deviance explained and so on) to 
compare the different specifications. We find that our final model (Full 
model) has the best fit in terms of the AIC, followed by the economic 
model, the climate model and land use model, as shown in Table 2. Note 
that as we are not estimating a standard regression model, the figures 

Table 1 
Summary statistics of variables selected for statistical analysis - 2007–2019.  

Statistic Min Max Mean St. Dev. 

WNV cases 0 100 1.649 6.012 
Human population 6254 10,534,640 443,384 513,000 
Mean temp winter (C) − 6.072 14.564 3.190 3.623 
Mean temp spring (C) 4.092 18.684 12.433 2.157 
Mean temp summer (C) 13.109 28.011 22.465 2.285 
Days of rain in winter 0 68 30.156 12.546 
Days of rain in spring 0 71 31.723 12.918 
Days of rain in summer 0 65 26.021 14.374 
Spring surface water extent Z- 

score (30 m2) 
− 2.876 2.404 0.000 0.958 

Summer surface water extent Z- 
score (30 m2) 

− 3.301 3.080 − 0.000 0.958 

Continuous urban fabric % cover 0.000 45.056 1.336 6.754 
Discontinuous urban_fabric (% 

cover) 
0.534 60.457 5.511 7.044 

Wetlands (% cover) 0.000 25.460 0.569 2.026 
Arable land (% cover) 0.000 86.307 33.893 22.172 
Regional GDP growth 

(2007 = 100%) 
57 217 106.752 24.587 

Agri, forest + fish spending 
(2007 = 100%) 

27 251 80.202 35.165 

Waste water mngmnt spending 
(2007 = 100%) 

5 352 93.476 53.933 

Health spending (2007 = 100%) 60 212 114.802 33.307  
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reported should not be read as coefficients, but degrees of freedom of the 
smooth terms. Given that we cannot interpret the coefficients to infer the 
sign and magnitude of the relationship, we visualize it by plot. Figs. 3–5 
plot the partial effects—the relationship between a change in each of the 
covariates and a change in the fitted values in the full model. 

All climate variables in both model specifications are statistically 
significant (“Clim model” & “Full model”). Mean summer temperatures 
of above 22 ◦C are (Fig. 3, top left) positively associated with WNV in-
fections; the relationship is linear and strong in the first specification, 
however, becomes less significant in the “Full model” specification after 
controlling for all other variables. 

Mean winter temperature has a quadratic relationship with WNV. 
Temperatures of between 2 ◦C and 6 ◦C have a positive association with 
WNV infections, whereas colder and warmer temperatures outside of 
this range are negatively associated with WNV infections. The number of 
rain days per summer is also a strong predictor of WNV infections and 
has a linear positive relationship. Higher surface water in the summer is 
negatively correlated with WNV infections. The relationship is fairly 

strong considering its complexity i.e., the variable complexity has been 
reduced to standard deviation scores to standardize it across regions and 
seasons. 

As for the land use variables, the percentage of arable land and 
wetlands in a region (“Land-use model”) is positively correlated with the 
incidence of WNV and highly significant. However, the wetlands vari-
able loses significance in the final model. The percentage of “Contin-
uous” and “Discontinuous urban fabric” variables, which represent 
metropolitan and built up areas (residential suburbs, villages), are not 
statistically significant in any of the specifications. Although the partial 
effect plot for “Continuous urban fabric” reveals that it has a slightly 
negative relationship with WNV infections and “Discontinuous urban 
fabric” has a positive association with WNV infections. 

The economic indicators are negatively correlated with WNV in-
fections. These variables represent 2007 baseline regional GDP and 
central government spending growth. Regional GDP has a gentle nega-
tive association, but statistically significant relationship with WNV in-
fections in the “Econ model specification”, but loses significance in the 

Fig. 2. Distribution of regional West Nile virus infections per 100,000 in humans from 2006 to 2019: (Data source: ECDC).  
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final model. The two indicators that directly represent central govern-
ment spending on areas of the environment, such as agriculture, forest & 
fisheries spending; and waste water management, have highly statisti-
cally significant negative associations with WNV infections. 

4. Discussion 

To investigate the rise in WNV infections in Europe over the last 13 
years (2007–2019), we compiled a unique spatial–temporal data-set 
including variables identified in the conceptual framework, following 
a thorough review of the literature. By taking this approach, we were 
able to carefully evaluate and adjust for environmental and economic 
factors that may have contributed to the recent rise in infections over the 
past decade or so. This study focuses on geographical factors which tend 
to influence the spread of the disease at the regional level, rather than 
trying to infer the determinants of the disease at the individual level. 

4.1. Meteorological factors 

Over the past 70 years, the countries analyzed in this study have been 
experiencing increasingly warmer temperatures throughout the year 
and according to our initial analysis, the last decade has been the 
warmest (see Additional File 1: Figs. S1–4). The results of our final 
model (Figs. 3–5) show that average summer temperatures above 22 ◦C 
are positively associated with an increase in WNV incidence. This 
finding is consistent with the literature, according to which warmer 
temperatures influence the hatching rate and development time of 
mosquitoes, and shorten the extrinsic incubation period (EIP) of WNV 
and related viruses, therefore representing a key driver of WNV trans-
mission (especially in summer months) [54–58,29]. However, this var-
iable lost significance in our final model specification, suggesting it is 
not one of the main drivers associated with transmission in our study 
locations and that other factors may be at play. In particular, average 
summer temperatures lose their explanatory power once economic and 
land use factors are taken into account. 

Our analysis of the mean winter temperature (Dec–Feb) reveals a 
quadratic relationship with WNV and is one of the main predictors of 
annual WNV infections in the model. Temperatures below 2 ◦C and 
above 6 ◦C have a negative association with WNV infections. These re-
sults are consistent with findings by Koenraadt et al., 2019 [59], who 
found that diapausing Culex pipiens mosquitoes do not necessarily do 
better under warmer conditions and there is a temperature range in 
which they can successfully diapause. Furthermore, other authors sug-
gest [60,61,20] that outbreaks may be more intense following winters 
with optimal temperatures for diapausing mosquitoes. Since a larger 
number of mosquitoes can successfully survive the winter, and those 
that are infected with WNV can transmit it earlier on in the year, leading 
to increased disease prevalence in mosquitoes and reservoir bird species 
than in years when winter conditions are not optimal. It is also impor-
tant to note that it is not currently clear at what temperatures Culex 
modestus and Coquillettidia richiardii overwinter as adults since our 
literature search did not yield any findings. 

The number of rain days per summer is also positively correlated 
with WNV infections. This result is consistent with the literature, i.e., a 
steady flow of aquatic resources for mosquitoes has a positive associa-
tion with their abundance, and therefore an increase in disease trans-
mission [31,30]. Rainfall patterns have also been shifting since the 
1950s (see Additional File 1: Figs. S1–4) although unlike climate, there 
is no a clear trend and results are more difficult to interpret. In general, 
Austria, Croatia, and Italy are seeing less intense rainfall in the summer 
months, but higher in autumn, whereas Bulgaria, Greece, Hungary and 
Romania are receiving more rainfall in summer months. 

Our results also show that higher regional summer surface water 
extent for a given year, is negatively associated with WNV and is one of 
the strongest predictors of WNV incidence. This was not an expected 
finding, since we would expected higher levels of surface water to be 
positively correlated with WNV incidence because of the extra water 
resources available to mosquitoes. However, it may be explained by the 
fact that sometimes desiccation of water resources can bring mosquito 
and bird hosts closer together, increasing transmission potential and 
therefore the prevalence of the virus [15,14]. This was also a major 
finding in a recent study by Paull et al., 2017 [62], who reported that 
drought was closely linked to the intensity of outbreaks for a given year 
in the United States. Another explanation for this result is that with 
higher surface water extent, there may be more flooding and fast water 
movement, which may wash away mosquito eggs and larvae [63]. This, 
along with increases in surface water may also inhibit contact between 
birds, mosquitoes and humans [15,14]. It is important to note that this 
variable probably does not capture the creation of short-term water 
resources created by rainfall (e.g. pools, puddles), which can be used as 
breeding habitat by mosquitoes. It rather captures long term and large 
water surface such as deltas, lakes, and flood plains. 

Table 2 
Generalized additive regression model for assessing associations between 
climate, land use and socio-economic factors on regional WNV incidence per 
100,000 people.   

Clim 
model 

Land-use 
model 

Econ 
model 

Full 
model 

Intercept − 2.21*** − 2.13*** − 2.25*** − 2.35***  
(0.47) (0.45) (0.33) (0.40) 

Mean temp summer (C) 1.00***   1.00*  
(1.00)   (1.00) 

Mean temp winter (C) 1.96***   1.94***  
(1.99)   (1.99) 

Days of rain in summer 1.00**   1.00**  
(1.00)   (1.00) 

Summer surface water 
extent (30 m2) 

1.60**   1.02***  

(1.84)   (1.03) 
Continuous urban fabric 

%  
1.00  1.00   

(1.00)  (1.00) 
Discontinuous urban 

fabric %  
1.00  1.00   

(1.00)  (1.00) 
Wetlands %  1.00**  1.00   

(1.00)  (1.00) 
Arable land %  1.81***  1.74**   

(1.89)  (1.84) 
Regional GDP index 

(2007 = 100%)   
1.00* 1.00    

(1.00) (1.00) 
Agri, forest + fish 

spending 
(2007 = 100%)   

1.95*** 1.93***    

(1.99) (1.99) 
Waste water management 

spending 
(2007 = 100%)   

1.60*** 1.10***    

(1.83) (1.19) 
Spatial lag 78.44*** 80.54*** 88.90*** 76.19***  

(109.60) (111.42) (121.08) (106.52) 
Year 11.73*** 11.75*** 11.48*** 11.56***  

(12.00) (12.00) (12.00) (12.00)  

AIC 3952.99 3992.59 3931.25 3907.56 
BIC 4526.68 4569.26 4560.01 4538.85 
Log Likelihood − 1875.44 − 1894.71 − 1854.87 − 1842.57 
Deviance 3747.15 3895.52 3592.25 3520.85 
Deviance explained 0.63 0.62 0.64 0.65 
Dispersion 2.85 2.95 2.76 2.73 
R^2 0.26 0.36 0.32 0.25 
GCV score 1900.89 1927.27 1889.38 1871.90 
Num. obs. 2158 2158 2158 2158 
Num. smooth terms 6 6 5 13  

* p < 0.1. 
** p < 0.05. 
*** p < 0.01. 

**** p < 0.001. 
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4.1.1. Land-use 
As for the land-use variables, as expected, regions with a larger 

proportion of arable land and wetlands are associated with higher WNV 
incidence. This is consistent with other literature, according to which 

humans are particularly at risk in areas close to rice paddies, irrigated 
agriculture and wetlands, since these areas tend to attract susceptible 
mosquitoes and birds [15,32]. The percentage of discontinuous urban 
fabric, that represents populated areas of low to medium density that 

Fig. 3. Generalized additive model (GAM) plots showing the partial effects of the explanatory variables on the incidence of WNV per 100,000. The tick marks on the 
x-axis are observed data points. The y-axis represents the partial effect of each variable. The dots represent partial residuals. The shaded areas indicate the 95% 
confidence intervals. 

Fig. 4. Generalized additive model (GAM) plots showing the partial effects of the explanatory variables on the incidence of WNV per 100,000. The tick marks on the 
x-axis are observed data points. The y-axis represents the partial effect of each variable. The dots represent partial residuals. The shaded areas indicate the 95% 
confidence intervals. 
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tend to have gardens, parks, ponds, such as residential suburbs and 
villages [64], is not statistically significant in our model, although it is 
often cited as a driver of WNV infections in humans. 

4.1.2. Economic-factors 
In terms of economic factors associated with WNV infections, higher 

GDP growth, higher spending, growth on environmental factors - such as 
agriculture, forest, fisheries - and waste water management are nega-
tively associated with WNV incidence, consistently with concepts laid 
out in the conceptual framework. In other words, populations living in 
locations harder hit by economic slowdown and austerity could have 
been more exposed to mosquitoes, for instance drops in income make it 
difficult to afford mosquito repellents, air conditioning and upkeep of 
homes leading to the creation of mosquito habitats. General cuts to 
waste water management and hazard prevention efforts, such as 
spending on flood defenses, essential works like sanitation and upkeep 
of infrastructure, could have also led to the creation of mosquito 
breeding habitats, e.g. potholes, blocked drains [14,15,42]. Further-
more, many studies report strong associations between agriculture [65, 
32,66,67] and WNV incidence. In general, cuts and lower spending in 
this sector, may have led to degradation on farms and the wider envi-
ronment which may have benefited mosquitoes through the creation of 
habitat or lack of measures to control their abundance. The literature is 
scarce on this topic which makes it very difficult to compare our findings 
with other sources of information, so our interpretations of such results 
can only be speculative. 

4.1.3. Limitations 
Some of the limitations of the study are as follows. Since we were 

limited to using aggregated data at the NUTS-3 regional level, we cannot 
make inference about individual-level associations and could not adjust 
for individual-level risk factors e.g. age, gender, race, and occupation. 
However, that would be outside the scope of this study, since we were 
interested in macro ecological and socio-economic trends and drivers. 
Additionally, we cannot draw causal inference as the methodology we 

applied only reveals adjusted correlations. Indeed, we would have also 
liked to include further explanatory variables on avian host and mos-
quito abundance but were restricted by the availability of data. It is also 
important to note that data quality issues arise owing to the under- 
reporting of cases through under-diagnosis, lack of diagnostic tests 
and a lack of resources/time to carry out and implement mass testing. 
Another factor we did not consider is bird immunity, which may influ-
ence WNV incidence following a major outbreak, although this was not 
considered an important factor in explaining the rise in WNV infections 
in Europe, but may have influenced the results. Furthermore, a growing 
body of literature reports that mammals can serve as intermediate hosts 
for West Nile virus [16] and more research needs to be done to deter-
mine if wild mammals act as reservoirs and contribute significantly to 
the transmission cycle. We also realize that the economic analysis is 
limited, in part because of a lack of refined data and in part because of 
scale issues, i.e., the amount of work required to look at individual local 
level policies and spending was not feasible for 166 regions. 

4.1.4. Conclusions 
In this study, we set out to investigate why WNV outbreaks have 

become so frequent in Europe over the past decade. If we consider the 
findings of this work, together with other important research in this 
area, we can start to build a picture of why the virus has become so 
prevalent in Europe. We hypothesize that:  

(1) Rising winter temperatures, or rather the creation of optimal 
temperature conditions allowed the virus to overwinter with 
Culex pipiens. Given current trends, we can also expect to see 
regions that have previously been too cold for Culex pipiens to 
survive over winter become viable locations and cause further 
havoc in regions that are currently experiencing just a few annual 
cases. On the contrary, regions which currently have optimal 
conditions for overwintering mosquitoes may become too warm 
in the future. 

Fig. 5. Generalized additive model (GAM) plots showing the partial effects of the explanatory variables on the incidence of WNV per 100,000. The tick marks on the 
x-axis are observed data points. The y-axis represents the partial effect of each variable. The dots represent partial residuals. The shaded areas indicate the 95% 
confidence intervals. 
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(2) Warmer summer temperatures are benefiting mosquitoes, influ-
encing their hatching rate and development time, and shortening 
the extrinsic incubation period (EIP) of WNV.  

(3) Shrinking water resources are increasing WNV prevalence in 
birds and mosquitoes during some seasons. It may be the case that 
this phenomenon is also acting at a macro-scale in Europe and is a 
significant driver of recent outbreaks, especially given that 
meteorological and hydrological droughts are becoming more 
frequent and extreme [68]. These changes also occurred during 
an economic crisis and subsequent austerity, where government 
institutions were severely weakened and had to limit spending on 
key sectors, and segments of the human population were exposed 
to increased financial hardship. 

We hope this study will spur further research into this topic, espe-
cially in areas less explored, such as the impacts of the European debt 
crisis on health, and the long-term trade-offs and unintended conse-
quences austerity can have on the environment and human health. This 
is an especially important topic when considering we are facing multiple 
threats brought about by global warming and other anthropogenic 
induced changes that can benefit emerging diseases, i.e., global trade in 
wild animals, intensive agriculture/animal rearing and land use 
conversion. 
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