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ABSTRACT. West Nile virus (WNV) is a
re-emerging  zoonotic  pathogen  that
represents a threat to both human and animal
health. It is difficult to estimate the impact of
WNV in the future, although many of the
climatic factors influencing its spread have
been identified. In this study, we used
bioclimatic indices to estimate those periods
that favour the growth of vector mosquito
populations and the incubation periods for
the virus. To this end, we studied the
climatic changes in the Romanian regions
where cases of WN infection have been
reported. Simulations were carried out for
2100 based on long-term scenarios.
Identifying the bioclimatic conditions which
can cause WNV outbreaks in Romania is
necessary to anticipate and thereby prevent
future epidemics. However, no extraordinary
weather events were registered in the years

with WNV outbreaks which could explain
such a high number of cases. Thus, in the
High Scenario (which will occur if actions to
control (GHG) gas emissions are not taken
or implemented effectively), the hatching
period is extended until November, with the
risk that adult mosquitoes are active
throughout the year, ensuring a high survival
rate of the virus within mosquitoes. In
addition, in the High Scenario, the
transmission period of the virus is extended
from April to October, which underlines the
need to establish monitoring and control
programmes for both mosquito populations
and the spread of the virus among the animal
and human populations.
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INTRODUCTION

Pathogens transmitted by
mosquitoes affect both animals and
humans. Vector-borne diseases are
difficult to manage once they become
established, especially when the natural
reservoirs are wild animals (Tolle,
2009).

The incidence of mosquito-borne
diseases varies geographically, with the
timing of transmission changing in
response to the ongoing interaction
among hosts, pathogens, vectors and the
environment (Gangoso et al, 2020).
Usually, the emergence or re-emergence,
as well as the spread of mosquito-borne
diseases, are closely related to changes
in the distribution of the main vectors,
either as a result of introduction by
human actions or as a consequence of
changes in the prevailing environmental
conditions (Ebi et al., 2013). In Europe,
West Nile virus (WNV) cases in humans
were reported more frequently in years
with extremely warm temperatures (Patz
et al, 1996; Tran et al, 2014;
Tabachnick, 2016). Climate combined
with other factors, such as human
population growth, livestock numbers,
global trade, travel, urbanisation and
land use change, can increase the risk of
new diseases occurring in Europe (Naish
et al., 2014; Patz et al., 1998; Watts et
al.,2021).

Health risks have arisen in Europe,
especially in recent decades, with the
emergence of vector-borne diseases such
as West Nile, chikungunya, crimean-
congo haemorrhagic fever and dengue
(Hotez, 2016; Olesen and Ackermann,
2017; Tabachnick, 2010). Of these,
WNV represents a threat to both animal
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and human health as it is a re-emerging
zoonotic pathogen (Ometto ef al., 2013).

The US Environmental Protection
Agency now believes that the WNV may
be an indicator of climate change (EPA,

2023). The perpetuation and
maintenance of transmission cycles of
some arboviruses in nature are

dependent on several factors. These
factors, which are intrinsic and extrinsic,
influence the biology of viruses but also
that of the vectors and hosts, as well as
their corresponding interactions. For a
vector arthropod to be able to transmit a
virus to a vertebrate host, it must be a

competent vector. In medical
entomology, the notion of "vector
competence" refers to the inherent

ability of a blood-feeding insect to
transmit a particular virus. Competent
vectors ingest pathogens during blood
feeding and permit gut infection and
subsequent  dissemination to  the
secondary sites of replication, especially
in the salivary glands. From the salivary
glands, the virus is inoculated with the
saliva into the cutaneous vascular tissue
of the vertebrate host during subsequent
blood feeding. In 2015, Paz conducted a
review of existing studies linking
climate change to changes in WNV
distribution  patterns. Meteorological
conditions can both directly and
indirectly influence the competence of
the vectors (acquisition, maintenance
and transmission of the wvirus), the
dynamics of the vector population and
the multiplication rate of the virus into
the mosquito. The impacts of climatic
factors (precipitation, relative humidity,
temperature and winds) on the
epidemiology of the WNV is favored by
climate change (Paz, 2015). In Europe,
there has been a marked expansion of
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WNV outbreaks in recent decades,
causing more than 2,000 symptomatic
cases in 2018 alone (Farooq et al.,
2022). Paz (2015) emphasises that only
permanent monitoring and surveillance
would keep the WNV and its effect on
the population under control in the
context of current and future climate
impacts. Biotic factors include birds, the
hosts of the WNV, which vary by
species in their susceptibility to virus
infection (Paz and Semenza, 2013).
Taking climatic factors into
account, cold-season  temperatures
between 2°C and 6°C best predicted the
number of annual WNV infections; a
cause could be the survival of infected
mosquitoes over the winter (Culex
pipiens) resulting in an increase in
outbreaks the following year (Paz and
Semenza, 2013). In Europe, Culex
pipiens s.s. is found in two behaviourally
and ecologically distinct forms (Di Pol
et al., 2022) — an aboveground form,
Culex pipiens pipiens, which enters
diapause in winter and feeds mainly on

birds, and a belowground form,
molestus, feeds on mammals. The two
forms can hybridise, complicating

predictions of vectorial capacity and is
hypothesised to have contributed to the
emergence of the WNV in Europe and
the Americas in recent decades (Haba
and McBride, 2022a). Studies show that
the titre of the WNV is much higher in
infected female mosquitoes incubated at
22°C-30°C than in those kept at 14°C—
18°C, emphasising the essential role of
temperature in the occurrence of WNV
outbreaks (Reisen et al., 2006). In
another study, female mosquitoes kept at
14°C transmitted the virus for the first
time at 36 days post-infection, whilst
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females kept at 18°C transmitted the
virus for the first time at 22 days post-
infection. Conversely, females kept at
26°C and 30°C were able to transmit the
virus 5 days post-infection (Reisen ef al.,
2006). Some studies show that lack of
rain can accelerate the spread of the
virus. Lower rainfall was positively
associated with a higher risk of
occurrence of WNV cases (Farooq et al.,
2022). Changes in the geographic range
of mosquitoes may occur as a result of
climate warming. These climate changes
could lead to the emergence of
infectious diseases, defined as infections
that increased in incidence or appeared
in new regions or new populations in the
past 20 years (Hoover and Barker,
2016).

Climate change with the occurrence
of extreme weather events, such as
increased precipitation leading to floods
and heat waves, has contributed to the
modification of mosquito activity
patterns, creating suitable conditions for
the transmission of viruses (Hoover and
Barker, 2016).

The species within the Culex
pipiens complex can transmit a wide
range of pathogens, including Usutu
virus, West Nile virus, Sindbis virus, St.
Louis  encephalitis  virus, filaria
(Wuchereria, Dirofilaria spp.) and
haemosporidia  (avian  Plasmodium)
(Bravo-Barriga et al., 2016; Brugman et
al., 2018; Farajollahi et al., 2011).
According to the Worldwide Catalog of
Mosquitoes maintained by the Walter
Reed Biosystematics Unit, the complex
includes the following species: Cx.
quinquefasciatus, Cx. Australicus, Culex
pipiens and Cx. globocoxitus. Also,
based on morphological and ecological
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similarities, some authors have also
included the related species Cux.
torrentium within the complex. Culex
pipiens and Cx. quinquefasciatus are the
most widespread species within the
complex, with Cx. pipiens being a
notable example of vector range shift
(Ciota et al, 2013; Martinez-de la
Puente et al., 2016; Tesh et al., 2004;
Turell et al., 2005). This species feeds
on birds, mammals and humans
(Brugman et al., 2018; Fritz et al.,
2015). A behavioural characteristic
relevant to the transmission of
arboviruses is the feeding pattern of the
vector. Environmental factors include
the local and seasonal presence of
vertebrate hosts, the host’s defence
mechanisms and the presence of
pathogens in the arthropod, host or both,
which influence the interaction between
hosts and vectors. The importance of
mosquitoes in the Cx. pipiens complex
in WNV transmission resides in the
large number of viral isolates from
specimens collected in the field (Greece
(Tsioka et al., 2022), Italy (Savini et al.,
2012), Romania (Crivei et al., 2023),
Germany (Kampen et al., 2020), Serbia
(Petrovi¢ et al., 2021)) from their vector
competence for the WNV (Vogels et al.,
2015).

The duration of the biological cycle
of Culex mosquitoes is dependent on
temperatures. For example, eggs hatch
after only 1 day at 30°C, after 3 days at
20°C and after 10 days at 10°C; below
7°C, embryonic development cannot be
completed (Becker et al., 2010). The
WNV survives inside the vector in
diapause during the winter, but it cannot
be transmitted, even though species such
as Cx. pipiens molestus also feed in
winter. Starting from 14°C, the virus
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begins to replicate, but only after two
gonotrophic cycles of the females is the
salivary gland titre high enough for the
virus to infect a host. At a temperature of
30°C, the replication rate begins to
decrease since the optimal temperature
which allows replication to be completed
within a single gonotrophic cycle is
between 24°C and 26°C (Anderson et
al., 2010; Fay et al, 2022). Models
predict that virus transmission will peak
in intermediate temperatures and decline
in extremes of cold and heat (Paz and
Semenza, 2013; Reisen et al., 2006).

The highest abundance of long-
lived mosquitoes was recorded at
temperatures above 20°C and up to
30°C, with the most noticeable decreases
in longevity at extremely hot or cold
temperatures. Studies show a decrease in
the longevity of female mosquitoes at
temperatures above 32°C (Sauer et al.,
2021).

Culex mosquitoes are adapted to a
synanthropic and an urban/sylvatic
cycle, which can overlap, so that areas
with  humidity, close to human
dwellings, can become favourable for
the transmission of the virus (Hubalek
and Halouzka, 1999). Irrigation in
agriculture plays an important role in the
risk of the occurrence of WNV
epidemics (Gates and Boston, 2009).

In Romania, the monitoring and
control of vectors, as well as vector-
borne diseases, is not done, which is
why we set out to establish the influence
of the local climate on the development
of mosquitoes as well as the emergence
of West Nile outbreaks.

We  projected the  average
climatological temperatures favourable
for the development of the mosquito
population as a vector for the spread of
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WNV. We also predicted the optimal
conditions for the extrinsic incubation of
the WNV based on two bioclimatic
indices capable of predicting future
thermal periods to identify the
geographical areas in  Romania
favourable for the occurrence of WNV
outbreaks. Bioclimatic indices calculate
the thermal periods required for Culex

mosquito egg hatching and WNV
infection to understand the direction of
the  development of ecoclimatic
conditions.

MATERIALS AND METHODS

The study aims to establish the
specific climatic influence on the
biological cycle of mosquitoes and the
multiplication of the virus inside vectors
created on the basis of previously
published laboratory experiments. Thus,
temperatures favourable to the hatching
of mosquito eggs were used as an index
of the conditions favourable for the
development of vector populations, and
temperatures ~ favourable  for  the
replication of the virus within the vector
were used to define periods suitable for
virus transmission.

Measurement of
climatological parameters

Air temperature was measured, at
the time of observation (Ti), in a
meteorological shelter at a height of 2 m,
and precipitation was recorded at a
height of 1.5 m using a rain gauge,
according to the standards of the World

Meteorological ~ Organization  (UN)
(IMO, 1950). The measurements were
carried out by the  National
Meteorological Agency (ANM)

(www.anm.ro), these data being entered
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into the European Climate Assessment
and Dataset (Klein Tank et al., 2002).
The measurements were performed in
meteorological  stations  distributed
throughout Romania in areas favourable
for the development of mosquitoes
(Figure 2).

Temperature projection
for the year 2100

Forecasting weather conditions
during succeeding decades is one of the
major challenges in climatology. In
recent years, several physical climate
models and socioeconomical scenarios
have been developed to estimate
temperatures in the long term. The
physical climate models are based on
historical data and weather conditions,
ensuring good short-term results. Long-
term temperature projections depend on
climatologic conditions and other
variables such as the chemical
composition of the air, which depends
on anthropic activities. The models are,
however, limited because the evolution
of the chemical composition of air
depends on the public policies regarding
greenhouse gas (GHG) emissions
implemented by all countries. In the last
years, weather conditions were estimated
using  socio-economical  scenarios
(Kunkel et al., 2013).

The scenarios described in the fifth
assessment report (AR5) of the specific
Working Group I of  the
Intergovernmental Panel on Climate
Change (IPCC) offer the most common
ways to project temperatures over a
longer period. Models that followed
"representative concentration pathways"
(RCPs) predict changes in GHG
concentrations depending on the policies
that states will implement in the years to
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come. According to this approach, the
forecasts are based on nine scenarios
which take into consideration both
climatological conditions and
socioeconomic pathway (SSP).

The complex model of projections
(CMIP5) (Kunkel et al., 2013) considers
the impact of anthropogenic activities on
the greenhouse gases which affect the
atmosphere, changing the natural
radiative forcing of Earth. Radiative
forcing and the history of climatic
parameters are used as input into
physical models which provide an output
able to assess the impacts, adaptation
and vulnerability to climatic changes.

We simplified the implementation
of the climatic model assuming that the
CMIPS5 is valid. We therefore kept the
same initial conditions and only adapted
the model to the radiative forcing and
temperature at regional conditions. As it
1s a mathematical model, we used the
pattern scaling technique, in which the
estimated temperature is determined as a
product between a scalar term and
response pattern of temperature. In our
regional circulation approach, the annual
average temperature at time ¢ was used
as scalar, and the response pattern of
temperature was related to radiative
forcing. This term was computed based
on a linear least squares regression for
temperature sequences.

This approach was used to estimate
the possible daily temperature in 2100 in
all regions of this study. The results
obtained were applied to determine the
most probable values for the bioclimatic
indices already described.

In the present approach, we
considered only the two extreme
scenarios: 1) Low Scenario (LS) is the
optimistic case in which the temperature
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increase on the ground surface will be
kept below 2°C according to the Paris
Agreement.This scenario is consistent
with the Coupled Model
Intercomparison  Project Phase 5
(CMIP5) scenario SSP1-1.9 showing an
increase in  Northern = Hemisphere
temperatures of about 1.5 C on average
in the context of drastic mitigation
measures of GHG emissions; 2) High
Scenario (HS) is the most pessimistic
scenario, which shows an average
temperature increase of 4.5C compared
to the pre-industrial era (Lyon et al.,
2022; O'Neill et al, 2016). This
scenario will occur if actions to control
GHG emissions are not taken or
implemented effectively.

The simulations were performed
for the two extreme scenarios because
they have the advantage that they cover
the entire possible temperature range,
which encompasses most oscillations.

The above approach was used to
forecast the temperatures in the relief
forms of Romania which are prone to the
development of mosquito populations.
The average daily temperatures were
simulated for the year 2100 to forecast
temperature changes compared to the
climatological reference period of 1991—
2020. The global temperature would
increase linearly until 2100 in all
scenarios of CMIPS5 (Kunkel et al.,
2013). Projecting the temperature for
2100 is important because it provides an
easy method to identify the temperature
at any time before and after this year by
using mathematical extrapolation.

Bioclimatic indices

Identifying which conditions can
cause WNV outbreaks in Romania is
necessary to prevent future epidemics.
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To this end, we studied the climatic
changes in the Romanian regions where
cases of WNV infection have been
reported. We proposed two indices to
predict the periods with temperatures
favourable for the evolution of mosquito
populations involved in virus
transmission and the incubation time of
the WNV. The bioclimatic indices were
used to estimate how the development
conditions of the WNV and its vectors
spatially or temporally change in relation
to  temperature as the  main
environmental factor. We propose two
indices to estimate how global warming
will influence the conditions in Romania
for the hatching of Culex mosquito eggs
and the periods of WNYV transmission.

Hatching potential index
of Culex mosquito eggs - MPI

In this study, the annual index
representing the hatching potential
(MPI) of mosquito eggs of the genus
Culex (according to laboratory studies -
Norbert Becker) was used as an
indicator of the periods in which
mosquitoes could develop depending on
temperatures. It adds all monthly periods
(MPI,) which are thermally favourable
for mosquito larvae to reach maturity.
This index is useful to identify the
months favourable for the development
of mosquitoes because the spring and
autumn months have temperatures close
to the minimum biological threshold,
whereas the temperatures in the summer
months can exceed the maximum
biological ceiling. Moreover, the speed
of development depends on the optimum
temperature  range. The  monthly
hatching potential index (MPIm) of the
Culex mosquito eggs is calculated the
number of periods in each month with
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thermal conditions favourable for
hatching. The size of the thermal periods
depends on the average temperatures of
each day. We calculated MPIm by

considering the sequences of
consecutive days with favourable
conditions, using three temperatures

(10°C, 20°C and 30°C). The favourable
condition was considered only if at least
one sequence of days with average
temperatures above an established
threshold was identified. The annual
hatching potential index was calculated
as the sum of the monthly hatching
indices (Equation 1):

12
MPI = Z MPI, (1)
m=1

This bioclimatic index determines
whether, from a thermal point of view,
the hatching conditions for mosquito
eggs are met. The monthly hatching
periods were calculated based on three
temperature levels because the mosquito
eggs develop at different rates,
depending on the heat accumulated.
Based on this statement, we calculated
the potential hatching ranges for three
temperature levels (10°C, 20°C and
30°C). The MPI counts the periods
within a month which are favourable for
hatching, based on the number of days in
which the temperature theoretically is at
least above the threshold level. The
longest development period is near the
low-threshold temperature (10°C) but
often also includes days with higher
temperatures, which shortens the interval
proportional to the temperature value.
The monthly hatching potential (MPI,,)
is calculated as follows (Equation 2):

MPI,, = max(MPIL®, MPI2®, MPI3®)  (2)
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The MPI, of the Culex mosquito
eggs is calculated for the three
temperature values; based on the result,
the annual hatching potential index is
determined.

As eggs hatch after 1 day at 30°C,
the potential hatching periods at this
temperature (MPI3?) is the number of
days in which the average daily
temperature in month m exceeds 30°C.
At 20°C, they hatch after 3 days
(MPI2Y), at 10°C after 10 days
(MPIL®), and below 7°C, embryonic
development is blocked (MPI], = 0).
For the calculation of the possible
hatches per year, the MPI is important,
under local temperature conditions.

Establishing the potential
conditions for the hatching of mosquito
eggs allows us to evaluate how the
temperature conditions will evolve at the
end of the century, which is necessary
for the estimation of the population at
this time.

Potential WNV infestation index - PIl

We defined the second index as
annual, calculating the maximum
possible period from the moment female
mosquitoes are infected until they
become capable of transmitting WNV.
This index is calculated similarly to the
previous one, only that it considers the
times which mosquito females need to
transmit the virus, depending on
temperature. In this calculation, we
considered the maximum number of
possible periods in a month during
which mosquitoes can infect people.
This index was correlated with the MPI
index to ensure that there were
theoretical conditions for the mosquito
population to exist.
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The maximum possible annual
periods were calculated taking into
account the change in post-infection
duration according to the temperature, as
documented in the laboratory by Norbert
Becker for Cx. pipiens pipiens (2010).
The index PIIL} calculates the possible
periods in which female mosquitoes who
live at 14°C are able to transmit the
virus. At this temperature, they
transmitted the virus for the first time 36
days after infection. Females kept at
18°C transmitted the virus for the first
time at 22 days post-infection (PII}®),
and at temperatures from 26°C to 30°C,
they were able to transmit the virus at 5
days post-infection (PII2%) (Reisen et
al., 2006). The potential WNV
infestation index (PII) is calculated as
follows (Equation 3):

12
PII = ) PII, (3)
The monthly potential WNV

infestation index (PIl,) is the number of
days in which the virus can be
transmitted within a month and is
calculated using the following equation:

PII,, = max(PIIL* PIIL8, PI]26), 4)

where PII, considers the maximum
possible intervals in which the virus can
be transmitted based on the most
relevant three temperature levels (14°C,
18°C and 26°C). The PIIm is more
selective than the MPI because it
identifies the potential temperature
windows required for the infestation
until the virus can be transmitted.

These proposed indices are
theoretical, but they are useful to analyse
whether the conditions which favour the
occurrence of possible outbreaks will
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change significantly in the context of

global warming (DeGroote  and
Sugumaran, 2012).
RESULTS

Insects, as poikilothermic animals,
are directly affected by environmental
parameters, with temperature playing an
important role in egg hatching and
development. In  Romania, the
monitoring of WNV outbreaks began
after the epidemic in 1996. This event
attracted the attention of specialists in
infectious diseases and public authorities
because wuntil then, it had been
considered that in the temperate
continental climate specific to mid-
latitudes, mosquito populations of the
genus Culex could not transmit the
WNV. The distribution of WNV cases
recorded from 1997 to 2021 shows that
most were reported in low-lying areas in
all regions of the country. The climatic
conditions in the south of Romania are
favourable for the development of Cix.
pipiens mosquito populations, which
explains why most cases were recorded
for the plain areas of this region, where
the temperatures favour the replication
of the virus inside the mosquitoes for a
longer time of the year (NCSCCD,
2023).

During the period from 19962021,
1,043 cases of West Nile fever were
reported in Romania, with the peak of
cases in 1996, when the virus was
reported for the first time in humans.
This was surprising as the Romanian
climate was not considered favourable
for the transmission of this virus through
the mosquito vector (Figure 1). A
similar outbreak was recorded in 2018,

395

which was inexplicable from a climatic
point of view and requires a complex
understanding of the factors involved in
the transmission of the WNV. A much
higher number of cases was reported in
Europe in the transmission season of
2018 compared to previous years. Thus,
the total number of local infections
reported in 2018 (n 2,083) far
exceeded that of the past 7 years (n =
1,832). Compared to the previous
transmission season in 2017, there was
an increase by 7.2 times (Popescu et al.,
2018).

In addition, in 2018, the last case
diagnosed in the transmission season in
the EU was reported at the end of
November in France, with an onset date
in week 46, which was particularly late
as compared to previous transmission
seasons, when the last onset date was
between weeks 39 and 42 (O"Neill ef al.,
2016). In this study, we also compared
the climatic conditions between the
years 1996 and 2018 in regions
favourable for the development of
mosquitoes in Romania (Figure 2), with
the aim to determine the factors affecting
WNV transmission. These regions only
included the lowlands (Danube Meadow,
plains, hills and plateaus).

Distribution of WNV cases in
Romania differed among different
regions, with 56%being recorded in the
East of the Romanian Plain (also known
as Wallachian Plain), 14% in the Oltenia
Plain and an average of 9% in the
narrow area of the Danube Valley. The
Danube Valley is a favourable
environment for the development of
Culex mosquito populations because the
optimal temperature-humidity conditions
are met. Compared to the area and the
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number of inhabitants, the percentage of stations in Romania from 1961-2020
West Nile cases was highest in the increased constantly after 1991 (Figure
Wallachian Plain (Figure 3). Average 4). Record temperatures were registered
temperatures recorded at meteorological in the decade 2011-2020.
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Figure 1 — West Nile Virus cases in Romania recorded between 1996 and 2021 [Database of
the Romania National Centre for Surveillance and Control of Communicable Diseases
(NCSCCD) within the Institute of Public Health (IPH)]
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Figure 3 — Distribution of West Nile virus cases from 1997 to 2021 in Romanian regions
favourable for mosquito development [Database of the Romania National Centre for Surveillance
and Control of Communicable Diseases (NCSCCD) within the Institute of Public Health (IPH)]

14

1 (°C)
.

10 ]

2000

e Moldavian Plateau

Est of Wallachian Plain

2005

s Darube Valley

2010 2015 2020

= Oltenia Plain «  Transylvanian

Figure 4 — Annual average air temperatures in the Romanian regions under study

In the low regions of Romania,
from a thermal point of view, mosquito
hatching and development are possible
until the first week of November and the
development of the WNV inside the
mosquito can occur until October
(Table 1). The simulations under the
conditions of climate change for the year
2100 show that in the coming decades,
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these periods may be extended by
another month, which favours the
development of mosquito populations
transmitting the virus in all low-lying
regions of Romania throughout the year
(Table 1).

As shown in Figure 5, between
2012 and 2020, in Oltenia and
Wallachian Plains, mosquito eggs could
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hatch at up to 190 days a year. Figure 6
shows that in 2018, in Oltenia and
Wallachian Plains, there were 130 days
with ideal conditions for mosquito
vectors to transmit the WNV; at these
temperatures, virus replication is rapid.
The WNV survives inside the
diapause vector during the winter, but
this vector is unable to transmit the
virus, even though species such as Cx.
pipiens might also feed in winter.
Temperatures between 2°C and 6°C
recorded in winter represented one of the
most important predictors of WNV
infections per year; an explanation for
this result could be the successful
wintering of infected adult mosquitoes
(probably Cx. pipiens) being responsible
for the intensity of outbreaks the
following year. Monthly calculations of
average temperatures indicate that in
Moldova, Wallachia and Transylvania,
there are 2 months (January and
February) with average temperatures
below 2°C and only one month
(January) in the remaining regions under
study. Temperature simulations for 2100
show that the time intervals with
temperatures below 2°C will decrease
significantly over the next 80 years.
According to our calculations, if
drastic a series of measures are carried
out to limit GHG emissions in the
Moldovan area, compared to the 1990s,
temperatures will increase by 0.4°C by
2100 (Low Scenario - LS). In contrast, it
compliant actions to control GHG
emissions are not taken or not implied
effectively, temperatures will heat up
2.6°C (High Scenario - HS). Under LS
conditions, there is a total of 81 days,
from May to October, during which the
WNV can replicate inside the vector.
Under HS conditions, this period spans
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105 days, from May to September
October; in comparison, under current
conditions, this period only lasts for 77
days.

In the Wallachia Plain, temperature
will increase by 0.4°C under LS and by
2.6°C under HS by the year 2100, with
an extension of the virus replication
period from May to September, with a
total of 130 days per year under HS and
102 days under LS, compared to 91 days
at present.

Inthe Olteniaregion, the temperature
change will be similar, with an increase
to 131 days per year, indicating a higher
risk of virus transmission.

In the Danube Valley, temperature
is predicted by increase by 0.3°C under
LS and by 2.5°C under HS, with a virus
transmission period of 133 days in 2100
compared to 96 days at present, also
resulting in a longer risk period.

The temperature will increase by
0.2°C, in Transylvania, under LS and by
2.4°C under HS by the year 2100, with
87 days favourable for  virus
transmission under HS, compared to 57
days at present. The Culex hatching
period, forming a new mosquito
population, currently lasts from April to
October in Moldova, the Wallachian
Plain, Oltenia Plain and Transylvania
and from April to November in the
Danube Valley (Table 1).

Regarding the influence of
temperature on the two major outbreaks
of West Nile fever recorded in 1996 and
2018, the risk of WNV transmission was
higher in 2018. In Moldova, there were
85 days favourable for WNV replication
inside the vector and 143 days
favourable for hatching, compared to 43
days for PII and 158 days for MPI. This
leads us to infer that a higher number of
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mosquito populations per year may be a
more important factor in the occurrence
of WNV outbreaks, and emphasis should
therefore be placed on the control of
mosquito populations. Similar
conditions were observed for the
Wallachian Plain, Oltenia Plain, Danube
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This indicates that in 1996, the
number of mosquito populations was
extremely high, which led to WNV
outbreaks. However, in 2018, the
number of days favourable for the
replication of the virus inside the
mosquito was greater. Thus, in 2018, 85,
101, 100, 101 and 69 favourable days,
respectively, were observed, compared
to 43, 80, 67, 81 and 18 days in 1996 for
the Moldova Plateau, Wallachian Plain,
Oltenia Plain, Danube Valley and
Transylvania.

When comparing the years with
large numbers of West Nile fever cases,
it is mandatory to constantly calculate
not only the periods with risk of virus
transmission but also those with
conditions conducive to the hatching of
mosquito eggs, which suggests the
number of populations; both factors are
extremely important in preventing WNV
epidemics. In addition, in 1996, the
winter temperatures were milder, which
confirms the data in the literature,
according to which high temperatures
during winter are an important indicator
of WNV outbreaks in the following year
as the virus can survive inside the
mosquitoes.  This  indicator — must
therefore also be taken into account
when developing monitoring, prevention
and control strategies (Table 2).

The second set of climatological
parameters analysed is based on the
humidity conditions necessary for the
growth and development of mosquito
populations. For this reason, we
analysed the monthly amounts of
precipitation and the number of days in
which precipitation occurred in the five
regions from which infections were
reported.
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Although drought can be a
predictor for WNV outbreaks, when
analysing the amount of precipitation in
the years when large numbers of cases
were recorded, i.e., 1996 and 2018, these
were not dry years, with precipitation
values between 520 and 720 mm (1 mm
=1 L/m?) in 1996 and between 520 and
800 mm in 2018 (Figure 7). Regarding
the precipitation amount recorded, the
years with major outbreaks of WNV
were neither dry nor rainy, i.e., the
conditions did not favour the
development of the formation of large
mosquito populations. Our results do not
indicate that the atmospheric
precipitation played an important role in
the occurrence of WNV outbreaks, but it
is important for maintaining the
humidity of the soil and, especially, of
the humid areas conducive to the
development of mosquitoes. The number
of days with precipitation varied
between 110 and 130 days in 1996 and
between 115 and 135 days in 2018,
without showing ideal conditions for
virus replication or for hatching (Figure
8). Our results suggest that the period of
precipitation, indicated by days within 1
year, does not represent an important
indicator for the prediction of WNV
outbreaks.

DISCUSSION

The economic situation of a
country is highly important because it
indicates  resources available for
infrastructure, surveillance and
intervention. In Romania, the rural area
does not benefit from air conditioning,
tap water and adequate drainage, making
people more exposed to mosquito bites.



Evolution of West Nile virus outbreaks in Romania

(sH-00LT

Ivi re g8 06L €02 692 Z92 S¥C To0Z 06k 06 06 0€ g5, SEONE, o
. @
=
¢z SL €9 8% L8l L€ O¥Z €2 08l 8 89 8T 80 mc_mnwm_muhwwvmsé 5
— o
VZh ZL g9 0T 08l €€ S€C ¥iZ ¥ 9T 69 LT  CO Eﬁwm@ﬂwﬁ 5
gL 0 O ¥l & & iz o ! o 0o o mc_Wh%mww: g
[}
oL 0 o o 8 & 08 0z ¥ 0 o 0o o m_._;nmw._o%mpwma g =
6 0 0 0 v e e &z 0 0 0 0 (0zoz-166V“Id =
%l 0 0O 7 9 & g 0e 6 1k 0 0 0 (0zozie6N%dW 2
. . . . ; . . . . . . . . (SH-0012 o
S¥L  0€ L8 Lyl €0 65T 99 6¥C YO0Z 6FL  ¥B LY €T gucooopaew 3
! o
=
2. 80 65 ST L8l L€ v LW T8l sTh T 6 10 g, STOOT T
— =i
6L L0 €9 @l L8l 96 6T L1 S LTk ¥ vl gl ,000C 8oL
soL 0 0 L e s 8 1z . 0 o 0o o0 co_mum.mmvrm: g
18 0 o o o 0 & T, <z 0 o 0o 0 co_mmu_uuwmvrmt g B
I o0 0 0 o e 9 o T 0 00 0 (ococieeN%id §
€L 0 0 & @ & & oe iz 8 00 0 (0z0ci66N A
yEL ¥z 0L 9€L 88 ¥ TSC 9t g6k 6L 0L e L) mc;wwﬂwwrwé o
@
ZL TO &b vl 991 zIZ 06T viz €4 LM 8y TL GO0 mc_ﬁﬁwo._%uwvmsé ]
0L 00 €5 90 9 07 92 80Z 89 I b§ TO &l 0000 88
[EnuUy Jequ  Jeqw  Jaq  Jaqui 3)snb fie  Ae
asaq o9AON 00 aydeg  ny Anp aunp  Aep mdy  ysaew niqe4 nuep X3apu| uoibay

001 10} S8jeWnse pue 0Z0Z—-L661 404 S80IpuUl oRewWifpoIq pue sinjesadwis] — | 3|qel

401



Miron et al.

Xapul uonejsajul AN [elusiod Ajyjuow ey} 4 [enusiod Buiyoyey Ajyyuow #j4yy ‘olieusoag YbiH -GH ‘olUBUsdg MO - ST

18 0 0 b 9l =T AN - T AN 1 ) S b 0 0 0 mc_mmﬂ%mwm: o
66 0 0 0 i 7 6L § L 0 0 0 0 m:_ww.ﬂ_u%mww: o
4G 0 0 0 9 9z 6l § b 0 0 0 0 (0z0z-166M%Id 3
It 0 0 € 0Z lE 1€ 0E €2 6 0 0 0 (ozoz-1661) “IdN 2
/7L €2 €L 08l 08 €€ S€C 0% €8 TE VL 8T bl guuech00iC 5
Bunyseossloy) Uwou 3.
[V
0L L0 VG 80L 8GL LIz €1 86L V9L 0L 6% 90 80 mc_mwo._,.wmwvmsf
goL Lo L' g0l LS. 60Z ZTlZ G6L 9GL LIl TS 90 L'b- Eﬁm@mmﬂmm& .y
€el 0 0 S 12 le ez Zl 0 0 0 0 mc_wwmﬂ_%mwmz o
(s71-0012
801 0 0 | 0z le 0 12 S 0 0 0 0 pugseosioy) “yld o
96 0 0 0 Gl IE 62 8l 4 0 0 0 0 (ozoz-1661) “iid m
L1 0 L 8 12 IS 1€ o0g  o¢ €l 0 0 0 (ozoz-i66L) “ldN &
. ) } i } } ) . . ) ) ) ; (SH-001Z <
6vl  6¢ 88 ZSl 90z L9Z 89C 6% 902 0S8 8Y V€ g,anon oo, 3
} } ) } } . ) . . } ; : : (s1-00l2 <
AN 99 0€l V¥B8L 6€ 9¥C LI ¥eL 8TL €9 9T 60 picnon o) umeu;
vzl 9l 0. €2 v8L 8¢ €vZ LeZ 8L vIl L9 0T TO Eﬁmwmcuv_,_mmﬁ y
(sH-0012
LEL 0 0 S Iz lE L& 2 o0l ! 0 0 0 Bupseseo)) 4y o
(s7-0012 g
86 0 0 | 8l le 0g 9l € 0 0 0 0 Bugsesaioy) Uy M
/8 0 0 0 ZL 0c 8z ¥l L 0 0 0 0 (ozoz-ie6L)“iid &
691 0 0 8 I le 1€ 0 62 €l 0 0 o (ozoz-Le6L) “Idw >
lenuuy Jaqu Jaqu  J3aq Jaquw })snb e Aie
2080 OAON OO aydes ny Ainp aunp  Aepy udy  yaiew niqe4 nuep Xapuj uoibay

402



Evolution of West Nile virus outbreaks in Romania

Xapul uonelsaul ANM [enusiod Ajyjuow sy 4 ‘lenusiod Buiysiey Ajyjuow Y4y ‘oueusss ybiH -SH ‘oUeus9S Mo - S

69 0 0 0 0 9 0¢ ¢ 6 0 0 0 0 (8102) “Iid
8¢l 0 0 l oz lE e 0 v O 0 0 0 (8102) “Idn ,._,u._
o0l 61 €5 Z0L 8GlL G2 81Z 60 8GL 86 <8 2L 99 (8L0z abelane) W0l m
gl 0 0 0 0 € GL 0O 0 0 0 0 0 (9661) “Iid g
34 0 0 ¥ og lE e 2 &L § 0 0 0 (9661) “Idn =
06 8'G- ve G0L BElL ¥6L 002 68l OVl €LL ¥ 1’2 1'0- (9661 3belane) oy
L0l 0 0 0 0 Z¢ e 0 8L O 0 0 0 (8102) “Iid
86l 0 0 J1 ¥ lE le 0 62 9 0 0 0 (81.02) “Idn o
92l 9y 9/ 92 /6L S¥C ObZ L€C LZL 80L <T6 8’1 8¢ (g8L0C abeiane) Wony Mw
18 0 0 0 0 6 62 0 2L O 0 0 0 (9661) “Iid &5
G/l 0 0 0l 9z e le  0f e 9l 0 0 0 (9661) “Id ®
SLL  pe- €€ GZL 991 O0€ G€ c¢c¢c L9l 0¥l 9OF L€ 91 (966] @Pelane)Wuouy
00l 0 0 0 0 6L L& 0¢ 0Z O 0 0 0 (8102) “Iid
/Gl 0 0 L (4 lE 1e 0¢ 82 9 0 0 0 (8102) “law Q
Szl G¢ 8’9 ¥ZL L8l 8% VP2 G€C LZIL vLL 00l I'T 0F (gl0g obesene) vy 5
19 0 0 0 0 9 62 6G¢ L 0 0 0 0 (9661) “Iid ..eq
LiL 0 0 9 T Ll 1e  0¢g e vl 0 0 0 (9661) “Idmw pw
47 Lg- 6¢C L'ZL 9GL 622 6CC €l L9L TEL 6F v 60 (966 9BelaAE)Wow)
Lol 0 0 0 0 0z e 0¢ 02 O 0 0 0 (8102) “Iid
LGl 0 0 9 ¥z lE e 0 ¥Z 9 0 0 0 (8102) “Idn w -
6Ll 9¢ 19 9Ll ¢6L 0% veZ vZZ 991 G0L 88 90 6% (8l0Z8beieAE) ey T T o
08 0 0 0 0 0L 62 0 0L 0O 0 0 0 (9661) “Iid 58 C
zll 0 0 9 €z LE  1E 0f lE 0C 0 0 0 (9661) “Idw =
oLl 26 6¢C Ll 19l ¥¢C 6€C 61 99l 6EL GF ¥C €0 (966] abelane)wou)
68 0 0 0 0 ZL 0 08 ¥l O 0 0 0 (8102) “Iid
34 0 0 € ¥4 lE le 0 V2 ¥ 0 0 0 (8102) “Idn o=
oLl Z¢ 8 60L ¥.lL G2 0¢ 91 Z9L 00l 6L G'0- 9t (8L0z abelaae) Wy mm
34 0 0 0 0 € 6L 9l g 0 0 0 0 (9661) “lid D =
8G1L 0 0 £ zZ lE Lle 0¢€ lZz &l 0 0 0 (9661) “Id 5
66 0'G- 80 €0L €6l 80Z 812 01lZ ¥GlL €€l 62 8C G0 (966| @PelaAe) Wow)
12q Jaq 12q 19q isnb e Ae
|lenuuy waesag wWoAON 000 wadas Ny Aine aunp Aepy judy yoiepw nigay nuep Xapuj uoibay

810 PUE 966 | 10} S82lpUI dljeww|20Iq pue sinjeledws ] — Z 3jqeL

403



Miron et al.

Several studies have demonstrated
the nexus between the number of West
Nile cases and a number of socio-
economic and demographic factors, such
as income, sanitation and population
density (DeGroote and Sugumaran,
2012; Lyon et al., 2022; Watts et al.,
2021). Higher economic status may
favor people's contact with mosquitoes,
for example, owners of houses with
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green space, swimming pools and ponds
or those who may have access to
recreational areas, which constitute
habitat for mosquito reproduction.
(Downling et al., 2013). The best
solution remains the implementation of
mosquito control by public services,
actions which again are directly related
to the economic status of the country.
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Analysing a study conducted in
Romania by Popescu er al (2018)
regarding West Nile cases from 2012 to
2017, there was a lack of laboratory
diagnosis of WNV infection; thus, all
recorded cases, except for one, were
from south-eastern Romania (from areas
close to the capital), with 42.6% residing
in the capital city, Bucharest. Most cases
were diagnosed at "Victor Babes”
Hospital in Bucharest — a hospital for
infectious and tropical diseases
indicating that WNV infection is
underdiagnosed in Romania. In 2016
and 2017, the highest numbers of cases
were also recorded in Bucharest,
although from the standpoint of climatic
factors, the conditions were more
favourable for transmission in Tulcea,
both regarding the development of
mosquitoes and virus replication inside
mosquitoes.

In Europe, including Romania, in
2018, there was an increase in WNV
neuroinfection outbreaks in humans
(Becker et al., 2012; Farooq et al., 2022;
ECDC, 2022; Marini et al., 2020;
Nicolescu et al., 2016; Popescu et al.,
2018).

In Romania, we compared the 2
years in which major outbreaks of West
Nile occurred, namely 1996 and 2018. In
these years, the conditions for the
development of mosquito populations
were favourable, with a high number of
favourable days for egg hatching in 1996
and favourable conditions for the
transmission of the WNYV, relative to the
number of days it can replicate inside the
mosquito, in the year 2018. However, in
terms of climatic factors, there were
excessive heat anomalies in the years
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with  WNV outbreaks, which could
explain such a large number of cases.

Our study took into account the
main vector of the WNV in Romania,
showing its activity from March to
November.

To complete their life cycle, Culex
mosquitoes require the presence of
surface water, and generally, over time,
epidemics have occurred after hurricanes
because of the creating of egg-laying
sites. However, in the case of the Culex
mosquito, it seems that its bioecology is
complicated, with a series of studies
showing that outbreaks of West Nile
infections occurred under conditions
with low rainfall or that rain events did
not play any role in the intensity of the
outbreaks (Becker et al., 2012; Cotar et
al., 2016; Soh and Aik, 2021).
Temperature has been the most
consistent variable for predicting Cix.
pipiens dynamics in southern Europe
directly with simple linear models;
temperature correlations were higher
than those for relative humidity, and
precipitation = showed much less
consistent  results and  weaker
correlations. Temperatures above 28°C
negatively affect mosquito populations
(Chaskopoulou et al., 2016; Gangoso et
al., 2020).

Determining the role of
precipitation in this type of study is
laborious, and we therefore identified
the correlation between precipitation and
local warming as well as that between
precipitation and the number of WN
cases in Romania (Pearson’s correlation
and principal components analysis). So
far, the statistical results do not reveal a
link between humidity and the evolution
of mosquito populations in the analysed
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regions. The forecast for 2100 for
Romania, using the two scenarios LS
and HS, shows in both cases a
favourable scenario for the evolution of
mosquitoes, with the increase in the
number of days per year favourable for
egg hatching and for virus replication
inside the mosquito. Under HS, there is
an extension of the egg hatching period
until November, with the risk that adult
mosquitoes are active throughout the
year, ensuring a high survival rate of the
virus into the mosquito, which can lead
to outbreaks in the following spring. In
addition, wunder HS, the virus
transmission period is extended from
April to October, which underlines the
need to establish monitoring and control
programmes  for  both  mosquito
populations and the spread of the virus
among animal and human populations.

So far, there are no surveillance
programmes underway in Romania, and
the recorded cases are only those with
symptoms of neuroinfection. Thus, it is
an underdiagnosed disease, making it
difficult to correlate the number of
recorded cases with climatic factors
favourable to the development of
mosquito vectors as well as the
development of the virus inside the
mosquito.

Consequently, for a programme to
monitor West Nile cases, the factors
involved in the development of mosquito
populations must be calculated, in
addition to those necessary for the
sufficient replication of the virus to
produce the disease since they can lead
to outbreaks of neuroinfection induced
by the WNV.

Previous studies have shown that
certain climatic conditions, such as
precipitation and temperature anomalies,
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WNV transmission can be predicted. In
Romania, the data we obtained for 2018
do not indicate temperature anomalies
which would explain the West Nile
epidemic in humans, which underlines
the fact that the prevention and control
of West Nile outbreaks are much more
complex.  Therefore, besides the
continuous monitoring of climatic
factors, the monitoring of the virus in
birds, horses and humans 1is also
mandatory.

There is an emphasis on the need
for a One Health-type approach in the
control and prevention of vector-borne
diseases, which should follow the
monitoring of mosquito populations
involved in virus transmission. In the
case of Culex, monitoring the presence
of the pathogen inside the vector and its
presence in the human and animal
population is important, and these
factors are related to climatic factors,
temperature and precipitation.

CONCLUSIONS

Based on our results, we conclude
that not all factors involved in the risks
of WNV outbreaks are known and that
sustained and in-depth research is
required not only at the national but also
at the continental level. In 2018, in
Romania, the weather conditions were
not favourable for WNV outbreaks, yet
numerous  cases  were  reported
throughout Europe.

The difference between residential
and non-residential areas is large, which
makes it difficult to establish favourable
periods for the growth of mosquito
populations and the development of the
WNV  within the vector, with
temperature  remaining the  most
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consistent predictor which may favour
the development of West Nile vectors
regardless of rainfall and humidity.
Thus, calculating the conditions
favourable to the development of Culex
mosquito populations must be done in
restricted areas, taking into account
relief, the degree of human occupation
and irrigation. The monitor the risk of
West Nile outbreaks, periodic serological
screening should also be done among
horse and bird populations, in addition to
the human population. For 2100, the
hatching period is predicted to last until
November, ensuring a high survival rate
of the virus inside the mosquito and
leading to outbreaks the following
spring. Also, the transmission period of
the virus is extended from April to
October, emphasising the need for year-

round mosquito vector surveillance
programmes as well as population
testing for the WNV.

We need to understand that WNV
transmission and maintenance in nature
are highly complex, emphasising the
need for in-depth studies and the
permanent monitoring of each factor
contributing to disease outbreaks. The
model proposed here can be improved
by the introduction of more calculation
parameters, such as the population of
mosquitoes, birds and horses, and a clear
distinction must be made among urban,
rural and agricultural areas. The study
draws attention to the need to introduce
tailored programmes to monitor and
control vectors as well as the pathogens
transmitted by them, with the aim to
predict the risk of outbreaks and initiate
timely intervention. However, the
mathematical model used by us can
allow the establishment of favourable
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periods for the appearance of mosquito
populations as well as the risk of WNV
transmission.
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