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Abstract  

The Asian tiger mosquito (Aedes albopictus) is one of the most invasive disease vectors worldwide. The 
species is a competent vector of dengue, chikungunya, Zika viruses and other severe parasites and 
pathogens threatening human health. The capacity of this mosquito to colonize and establish in new areas 
(including temperate regions) is enhanced by its ability of producing diapausing eggs that survive relatively 
cold winters. The main drivers of population dynamics for this mosquito are water and air temperature and 
photoperiod. In this paper, we present a mechanistic model that predicts the potential distribution, 
abundance and activity of Asian tiger mosquito in Europe. The model includes a comprehensive description 
of: i) the individual life-history strategies, including diapause, ii) the influence of weather-driven individual 
physiological responses on population dynamics and iii) the density-dependent regulation of larval 
mortality rate. The model is calibrated using field data from several locations along an altitudinal gradient 
in the Italian Alps, which enabled accurate prediction of cold temperature effects on population abundance, 
including identification of conditions that prevent overwintering of the species. Model predictions are 
consistent with the most updated information on species’ presence and absence. Predicted population 
abundance shows a clear south-north decreasing gradient. A similar yet less evident pattern in the activity 
of the species is also predicted. The model represents a valuable tool for the development of strategies 
aimed at the management of Ae. albopictus and for the implementation of effective control measures against 
vector-borne diseases in Europe. 
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1. Introduction 

 

The Asian tiger mosquito, Aedes albopictus (Skuse, 1894) (Diptera: Culicidae), is one of the most invasive 
disease vectors worldwide (Benedict et al., 2007; Medlock et al., 2012; Paupy et al., 2009). In less than 40 
years, this species has spread from its native distribution area (southeast Asia) to all inhabited continents 
(Knudsen, 1995; Kraemer et al., 2015; Moore and Mitchell, 1997). Since the first finding of Ae. albopictus 
in Europe, recorded in Albania in 1979 (Adhami, 1998), the mosquito rapidly established in southern and 
central Europe in the following decades (Medlock et al., 2012) reaching Germany (Kulisch et al al., 2018) 
and Czech Republic (Rudolf et al., 2018). The dispersal of this species across continents is due to passive 
transportation of eggs via the global trade of used tires or other materials in which eggs can be laid and 
survive (Reiter and Sprenger, 1987). Once established, the dispersal of adult individuals is facilitated by 
passive ground transportation (Medlock et al., 2012; Rudolf et al., 2018). The success of Ae. albopictus in 
establishing in temperate latitudes is due to the capacity of producing diapausing eggs able to survive 
relatively cold winters (Benedict et al., 2007; Kuhlisch et al., 2018; Reiter, 1998). The Asian tiger mosquito 
has been recognized as competent vector for a range of severe human pathogens and parasites among which 
dengue, chikungunya, Zika and occasionally west Nile viruses (Couto-Lima et al., 2017; Gratz, 2004; Guo 
et al., 2013; Leta et al., 2018; Paupy et al., 2009; Shragai et al., 2017; Stanaway et al., 2016) becoming 
responsible of a growing public health concern. The recent autochthonous outbreaks of chikungunya and 
dengue in the European Mediterranean area (Angelini et al., 2007; Gjenero-Margan et al., 2011; La Ruche 
et al., 2010; Manica et al., 2017) underlined the urgent need of developing new strategies for evaluating the 
risks of transmission of emerging pathogens in not autochthonous epidemiological niches. These strategies 
include rigorous monitoring systems and tools describing the phenology and the population dynamics of 
the mosquito in the current and in the potential area of distribution (Fischer et al., 2014). 
Several studies have tried to define the area of potential distribution, abundance or habitat suitability of Ae. 

albopictus throughout the development of models coupled with Geographic Information Systems (GIS) 
considering the influence of environmental and climatic variables (for a review, see Fischer et al. (2014)). 
Among others, temperature, photoperiod and precipitation patterns have been identified as the most 
influencing drivers in determining the mosquito habitat suitability (Brady et al., 2013; Campbell et al., 
2015; Sallam et al., 2017; Tran et al., 2013).  
The modelling approaches used for predicting the potential distribution of Ae. albopictus mainly refer to 
correlative (statistical) and mechanistic approaches. Correlative models are based on investigating the 
correlation existing between one or more variables and the current occurrence of the species. The main 
outputs of these models refers to species habitat suitability or potential spatial distribution (Benedict et al., 
2007; Ding et al., 2018; Kraemer et al., 2019; Proestos et al., 2015; Santos and Mesenes, 2017; Sanz‐Aguilar 
et al., 2018; Trájer et al., 2014). Despite their wide use, correlative approaches might have some limitations 
in predicting the potential distribution of the investigated species. The lack of exhaustive presence-absence 
datasets and difficulties in interpreting the real area of distribution (e.g. misidentification of the species, 
presence of transient populations, ongoing spread in new areas etc.) might lead to wrong interpretation of 
the habitat suitability of the species (Kobayashi et al., 2002; Soberón and Peterson, 2011). Furthermore, 
these modelling approaches do not provide information on species potential abundance and impacts in the 
assessed area. The interpretation of habitat suitability indexes in the context of risk assessment is 
problematic, since the meaning of these indexes cannot be interpreted in terms of population abundance 



neither in any other variable directly related to the impact of a vector. On the other hand, mechanistic 
models do not require full datasets of presence-absence records, since they are able to predict the population 
dynamics based on individual traits and physiological responses to environmental driving variables. 
Furthermore, these types of models allow predicting the potential species population abundance, thus 
providing a direct link to the impacts of that species in the assessed area (Erguler et al., 2016; Gilioli et al., 
2014; Gutierrez, 1996; Gutierrez and Ponti, 2013). Projections of vector population abundance can also 
account for individual variability and non-linearity in the responses to environmental drivers (Soberón and 
Nakamura, 2009). A complete overview on the main differences between mechanistic and statistical 
modelling approaches applied to Ae. albopictus is presented in Brady et al. (2014) and Fischer et al. (2014). 
The first mechanistic models were based on the selection of relevant variables (mean temperature in 
January, annual rainfall, photoperiod etc.) used for setting up climatic constraints for predicting the areas 
of potential establishment and mosquito seasonal activity (ECDC, 2009; Kobayashi et al., 2002; Medlock 
et al., 2006). These models were used for simulating Ae. albopictus climate suitability and seasonal activity 
locally (Petrić et al., 2017) and at European level (Caminade et al., 2012).  
The first stage-structured model simulating Ae. albopictus local population dynamics was developed by 
Erickson et al. (2010). Subsequent developments referred to the implementation of mechanistic models of 
vector dynamics coupled with a model for the disease dynamics for the assessment of vector-borne disease 
epidemics (Erguler et al., 2017; Erickson et al., 2012; Guzzetta et al., 2016a,b; Mordecai et al., 2017; Poletti 
et al., 2011). Other mechanistic models included the influence of diapause on inter-annual mosquito 
population dynamics (Erguler et al., 2016, 2017; Jia et al., 2016; Tran et al., 2013; Zheng et al., 2018). 
Some models included also the potential role of climate change on mosquito population dynamics (Gilioli 
et al., 2015; Jia et al., 2017) and on habitat suitability (Metelmann et al., 2019). 
In this paper, we present a weather-driven, spatially-explicit, mechanistic model based on a system of partial 
differential equations. The model gives a comprehensive description of the individual life-history strategies, 
including diapause, taking into account the role of biotic interaction on mosquito population dynamics 
throughout the application of density-dependent mortality of larvae.  
The estimation of parameters referring to larval density-dependent mortality is performed using average 
egg counts obtained by ovitrap captures in seven locations of the Bolzano Province (Italy) following an 
altitudinal gradient. Other parameters linked to development, mortality and fecundity of Ae. albopictus are 
estimated separately by fitting functions to experimental data collected from literature.  

The aim of our work is to predict: i) the area of potential establishment, ii) the potential population 
abundance iii) the seasonal population activity (expressed as the number of weeks between the spring egg 
hatching and the beginning of autumn egg diapause) of Ae. albopictus females in Europe. Predicted 
population abundance and seasonal population activity can be regarded as proxies of the species habitat 
suitability or alternatively, they can be used to infer the potential impact of Ae. albopictus in the assessed 
area.  

The paper is organized as follows: in Section 2 we describe the demographic model for Ae. albopictus; in 
Section 3 we present the methodology followed to generate weather data, and data on eggs abundance used 
for model calibration; in Section 4 we present the results of the calibration procedure and the maps 
representing the area of potential distribution, abundance and activity of Ae. albopictus in Europe; in 
Section 5 we discuss the main results and provide concluding remarks. 



2. The mathematical model 

 

The population dynamics of Ae. albopicuts is represented by a system of Fokker-Planck partial differential 
equations, already presented in Buffoni and Pasquali (2007). It is a stage-structured demographic model 
that has been applied to other species in Gilioli et al. (2014, 2016, 2017a,b,c), and Lanzarone et al. (2017), 
and also in Pasquali et al. (2019) in its simplified form of phenological model. 

Assume the population composed by � stages. Denote by ����, �� (	 = 1, 2, 3, 4) the abundance of 

individuals in stage 	 (	 = 1, 2, … , �) at time t, with physiological age x, that is the percentage of 

development of an individual in a stage. Let ����� and ����� be the stage-specific development and 
mortality rates, respectively. The population dynamics is described by the system: 

����� + ��� �������� − �� ����� � + ������� = 0,    � > ��, � ∈ �0,1�,     (1) 

 ����������, �� − �� ����� ��!� = "����,         (2) 

�−�� ����� ��!# = 0,          (3) �����, �� = �$ ����,          (4) 

where the functions �$���� (	 = 1, 2, … , �) are the initial distributions, and the �� are the diffusion 
coefficients, that allow to take into account the variability of development rate among individuals. The 

functions "���� represent the fluxes from a stage to the next one. More precisely, "#��� is the egg production 
flux and it is given by: 

"#��� = % &��'���� (����)��, ��#� *�               (5) 

where &��'���� (��� is the number of eggs produced per adult with physiological age in ��, � + *�� per 

time unit, &��'���� takes into account the effect of time-dependent temperature '��� and (��� is the 
maximum age specific fertility profile. In our model, we include the influence of diapause. In particular, 

diapause depends on daylight + and on time �. Thus, equation (5) is modified as follows: 

"#��� =
,-.
-/�1 − *	&0�+�� % &��'���� (����)��, ��#� *� (12  � ∈ 3�4�56�78, �47�6�789, + ≤ +47�

% &��'���� (����)��, ��#� *� + ;6�78 �ℎ= (	2�� � 1>� 1( 3�4�56�78, �47�6�789?ℎ=@ + ≥ +4�5, 'B4�5 ≥ '6% &��'���� (����)��, ��#� *� 1�ℎ=2?	�=
   (6) 

where *	&0�+� is the percentage of eggs entering diapause (depending on daylight +), 'B4�5 is the average 
of the minimum temperature of the previous week, +47� is the maximum daylight under which the diapause 

is active, +4�5 is the minimum daylight over which the diapause end, �4�56�78 is the initial time of diapause, �47�6�78 is the final time of diapause, and ;6�78 is the number of diapausing eggs accumulated during the 

period in which diapause is active. 

For 	 > 1, the fluxes from stage 	 − 1 to stage 	 are given by 



"���� = ��C#�����C#��, 1�,        	 = 2, … , �.          (7) 

The number of individuals in stage 	 at time � can be obtained integrating functions ����, �� over the 
physiological age: 

E���� = % ����, ��*�.#�           (8) 

 
In this model we assume that the host’s availability and the availability of breeding sites are not limiting 
factors, then they do not affect the basic demographic processes (development, mortality, fecundity). 

 

2.1. Biodemographic functions for Ae. albopictus 

 

We assume the population of Ae. albopictus being composed by five stages: four immature stages (eggs, 
larvae, pupae, sexually immature adults), and an adult reproductive stage. For each stage, development and 
mortality rate functions are specified. Moreover, for the reproductive adult stage also the fecundity rate 
function is stated. Fitted functions and literature data for biodemographic rate functions are reported in the 
Supplementary Materials. 

2.1.1. Development rate function 

Development times of Ae. albopictus are available in literature for eggs, larvae, pupae, and sexually 
immature adults: for the egg stage, data come from Delatte et al. (2009) and from Monteiro et al. (2007);  
for the larval and the pupal stages, data come from Delatte et al. (2009), Hien (1975), and Monteiro et al. 
(2007); for the sexually immature adults, data come from Calado and Navarro-Silva (2002), and Delatte et 
al. (2009). 

For each developmental stage, we choose a function that well represent literature data. Egg development 
rate, is described by a third degree polynomial (see Kontodimas et al., 2004):  

�#�'���� = F&'GH')I8 − 'J 0 ≤ ' ≤ ')I80 1�ℎ=2?	�=                                                                                          �9� 

while, for the development rates of larvae, pupae and sexually immature adults we use the Brière function 
(Brière et al., 1999): 

���'���� = F&'H' − '�5LJM')I8 − ' '�5L ≤ ' ≤ ')I80 1�ℎ=2?	�=                       	 = 2,3,4 .                                   �10�   
The parameters &, '�5L, and ')I8 in equations (9) and (10) are estimated using a least square estimation 

method (Table 1). 

 

 



 

 

Table 1. Estimates of parameters in equations (9) and (10) for the pre-reproductive stages. 
 & '�5L (ºC) ')I8 (ºC) 

Eggs 0.0000416657  37.3253 

Larvae 0.00008604 8.2934 36.0729 

Pupae 0.0003102 11.9433 40 

Sexually immature adults 0.0001812 7.7804 35.2937 

Data on the life-span of reproductive adults are not available in literature. Thus, the reproductive adult 
development rate function is obtained in a different way that involves the definition of the fecundity rate 
function (see the Subsection 2.1.3). 

 

2.1.2. Mortality rate function 

The mortality rate function is obtained from the average stage proportional mortality as function of 
temperature. Data on the proportion of dying individuals can be found in literature for eggs, larvae, and 
pupae. For these stages, the proportion of dying individuals can be described by a second order polynomial:  

N��'���� = O 0#'G + 0G' + 0P      '�5L ≤ ' ≤ ')I80#'�5LG + 0G'�5L + 0P ' < '�5L0#')I8G + 0G')I8 + 0P ' > ')I8
            	 = 1,2,3                                      �11� 

where '�5L and ')I8 are the minimum and maximum temperatures so that N��'� assumes a maximum 

value of 0.9. 
Then, the mortality rate function is defined as follows (see Gilioli et al., 2016): 

R��'���� =
,-.
-/ −���'����log V1 − N��'����W '�5LX ≤ ' ≤ ')I8X

−��H'�5LJlog V1 − N�H'�5LJW �&H'�5L − 'JG + 1� ' < '�5LX
−��H')I8Jlog V1 − N�H')I8JW 3YH' − ')I8J + 19 ' > ')I8X   	 = 1,2,3           �12�    

with the interval �'�5LX , ')I8X � contained in the interval of positivity of the development rate function. 

Parameters in function (11) are obtained by fitting literature data in Delatte et al. (2009) throughout a least 
square method (Table 2).  

 

Table 2. Parameters of the average stage proportional mortality (11) for eggs, larvae, and pupae. 
 0# 0G 0P '�5L (ºC) ')I8 (ºC) 

Eggs 0.002869 -0.1417 2.1673 11.72 37.69 

Larvae 0.002793 -0.1255 1.5768 6.27 38.65 



Pupae 0.003289 -0.1437 1.6197 5.77 37.93 

Parameters & and b in function (12) are chosen to obtain the desired slope for low and high temperatures 

assuring a well connection with the shape of the function R� in the interval �'�5LX , ')I8X � (granting in the two 

points '�5LX  and ')I8X  only the continuity of the function R�). Values of parameters &, Y, '�5LX , ')I8X  are 

reported in Table 3.  

Table 3. Parameters of the mortality rate functions (12). 
 & Y '�5LX

 (ºC) ')I8X
 (ºC) 

Eggs 0.05 0.018 12 30.5 

Larvae 0.2 0.15 17 30.5 

Pupae 0.1 0.2 17 37.5 

Data on the proportion of dying adults are not available separately for sexually immature and reproductive 
adults. Then the choice is to consider, for these two stages, the same mortality function that is assumed a 
constant parameter to be estimated (see the Subsection 2.1.3). 
We assume a density-dependent larval mortality described by the function: 

                           �GH'���J = RGH'���JH1 + ZEG���J[                                                                �13� 

obtained using a simple power function, where EG��� is the number of larvae (stage 2) present in the system 

at time �, while Z and \ are two constant parameters to be estimated. The power function proposed for the 
density-dependence in the mortality rate is more flexible than the linear function used in Guzzetta et al. 
(2016b), and in Jia et al. (2016). For the other stages, we do not assume density-dependent mortality. 

                           ���'� = R��'�               	 = 1,3,4,5. 
 

2.1.3. Fecundity rate function and the reproductive adult stage 

The fecundity function is assumed to be influenced only by temperature, that is reproductive females 
produce the same number of eggs independently of the physiological age. We choose a Brière function to 
describe the temperature-dependent fecundity rate of reproductive adults: 

&��'����(��� = F&'H' − '�5LJM')I8 − ' '�5L ≤ ' ≤ ')I8  ,    0 ≤ � ≤ 10 1�ℎ=2?	�=                                 �14� 

Development, mortality and reproduction for adults are modeled together using data on fecundity and 
longevity reported by Delatte et al. (2009). Data on the duration of the oviposition period (Delatte et al. 
2009), calculated for a survival of 1% (Table 4), allow to obtain the reproductive adult development rate 
which is approximately constant and equal to 0.015 1/day. Parameters of the fecundity rate function (14) 
are estimated (Table 5) using a nonlinear regression method to fit the total number of eggs laid by a female 
(Table 4, second row) at fixed temperatures. The simulated number of eggs laid by a female is obtained 
integrating (14) on the physiological age using the parameters in Table 5 and the constant development rate 
of 0.015 1/day. Results are reported in Table 4 (third row).  



Table 4. First row: oviposition period considering a survival of 1%; second row: total number of 
eggs/female (Delatte et al., 2009); third row: simulated total number of eggs/female of Ae. albopictus at 
different temperatures.  

 T=15 ºC T=20 ºC T=25 ºC T=30 ºC T=35 ºC 

Oviposition period 65 63.11 64.46 75.83 30.17 

Total number of eggs/female (Delatte et al., 2009)  60.39 150.8 195.04 20.2 

Total number of eggs/female (simulated)  62.03 147.59 196.93 20.17 

 

Table 5. Parameters of the fecundity rate functions (14) of Ae. albopictus obtained using a nonlinear 
regression method on the total number of eggs laid by a female. In parenthesis the SD of the estimates. & '�5L (ºC) ')I8 (ºC) 

0.0032  

(0.00012) 

16.24  

(0.3454) 

35.02   

(0.0085) 

Given the selected development and fecundity rate functions, the mortality rate for the adults are estimated 
to well approximate the net reproductive rate reported by Delatte et al. (2009) using a least square method 
(Table 6). The value obtained for the adult mortality rate is 0.067 1/day, and it is used also as mortality rate 
for the sexually immature adult stage.  

Table 6. Net reproductive rates of Ae. albopictus (Delatte et al., 2009) and simulated net reproductive rate 
(using an adult mortality of 0.067) at different temperatures. 

 T=20 ºC T=25 ºC T=30 ºC T=35 ºC 

Net reproductive rate (Delatte et al., 2009) 11.05 33.08 43.29 0.04 

Net reproductive rate (simulated) 13.56 32.26 43.05 4.32 

 

2.2. Diapause 

 

In our model, a certain percentage of mosquito eggs enters in diapause and survive to winter temperatures. 
We assume this percentage depending on the daylight period, following the formula: 

*	&0�+� = 11 + =P.�^�_C#G.`G� 
where + represents the daylight period in hours (Lacour et al., 2015).  

To model diapause, a storage of eggs ;6�78 has been created starting from �4�56�78 = 1st July up to �47�6�78 = 31st December, when daylight is less than or equal to +47� = 15 hours. Diapausing eggs are subject to 
mortality. Fitting data on the surviving eggs after diapause reported in Thomas et al. (2012) we obtain the 
following diapausing egg mortality rate: 

�6�78�'� = 0.05301=C�.#`^ab . 



As soon as the daylight is equal or greater than +4�5 = 11.25 hours and the average of the minimum 

temperature of the previous week is equal or greater than '6 = 12.5 °C the survived eggs stored in ;6�78 

break the diapause state. Then, the eggs start again the development from physiological age 0 following the 
rate function (9).   

3. Data 

 

To run the model, data on temperature and daylight duration are needed. Biodemographic functions of 
adults are regulated by air temperature, while biodemographic functions of immature stages are driven by 
5 cm depth water temperature.  
Data on presence of mosquito eggs are available for some locations in Bolzano province. Hourly 
temperature data for these locations were simulated on the basis of daily time series of maximum and 
minimum air temperature (Tx, Tn) from nine weather stations located in Vipiteno, Bressanone, Brunico, 
Bolzano and Salorno (Meteorological Service of the Autonomous Province of Bolzano), Rovereto, Mori-
Loppio, San Michele all'Adige and Aldeno (Meteotrentino). To generate hourly temperature data, we apply 
the following algorithm: 
1. For the observation sites the daily Tx, Tn for the average year (mean of the period 2000-2012) are rebuild 
on the basis of Tx and Tn of the nine weather stations. To do it, a suitable geo-statistical procedure 
consisting of weighted averages, with weight inversely proportional to squared distances is applied to the 
data of the weather stations previously homogenized to the observation point for height and aspect by the 
method described in section S1 of the Supplementary materials. The adopted weighting procedure makes 
negligible the contribution of more remote stations; 
2. Tx and Tn for each reference point are then adopted to simulate hourly air temperatures by means of the 
de Wit’s algorithm (de Wit et al., 1978); 
3. A reference year with 8760 hourly values are obtained by averaging hourly values of the original period 
2000-2012; 
4. Hourly water temperatures at 5 cm of depth for the reference year are then obtained by means of a semi-
empirical model based on the Fourier equation of heat diffusion (Larnier et al., 2010) applied to hourly air 
temperatures (see Supplementary material section S2). 
Data on egg population dynamics were made available by the Agency for the Environment and Climate 
Protection of the Bolzano Province (Italy), and used to calibrate the parameters of the density-dependent 
larval mortality rate of Ae. albopictus. These data refer to the weekly mean abundance of eggs collected 
from ovitraps deployed in seven locations (Brunico, Vipiteno, Appiano, Caldaro, Bressanone, Bolzano and 
Laives) of the Bolzano Province in the reference period 2013-2015. A total number of 105 georeferenced 
ovitraps were monitored in the area (6 in Brunico, 6 in Vipiteno, 9 in Appiano, 8 in Caldaro, 8 in 
Bressanone, 53 in Bolzano and 15 in Laives). The egg population abundance in each site is expressed as 
the mean number of eggs sampled per week in the reference period. Egg abundance is calculated 
considering only samples with number of eggs greater than zero. Where samples are always zero, egg 
abundance is set equal to zero and the site is considered outside the area of potential distribution. We 
purposely chose sites in a wide altitudinal range to test model’s capability to predict the presence, the 
absence and eventually the abundance of mosquito eggs under varying meteorological regimes (Table 7). 
Since 2013, treatment and monitoring campaigns aimed at preventing the spread of Ae. albopictus have 



started in the Bolzano Province. Having not clear indications and data aimed at quantifying the potential 
role of treatments on the overall mosquito population distribution and abundance in the reference area it 
was not possible to include this aspect in the model. Therefore, we introduce the simplifying assumption 
that the effect of treatments on the overall mosquito population distribution and abundance was negligible.  

 

Table 7. Geographic coordinates of the centroid of the area in which eggs are sampled, in the seven 
locations of the Bolzano Province. For each centroid is reported the altitude in m a.s.l.. 

Location Latitude (°N) Longitude (°E) Altitude (m) 

Mosquito 

Presence/absence  

Brunico 46°47'16,29'' 11°56'17,06'' 830 
Absent 

Vipiteno 46°53'33,01'' 11°26'00,66'' 949 

Appiano 46°27'34,38'' 11°15'00,46'' 516 Present  

(population density ≤ 30 

eggs/week) 

Caldaro 46°24'31,77'' 11°13'58,24'' 530 

Bressanone 46°44'03,58'' 11°38'29,23'' 626 

Bolzano 46°30'26'' 11°21'11'' 290 Present 

(population density > 30 

eggs/week) Laives 46°26'15'' 11°20'49'' 250 

To obtain an estimate of Z and \ in (13), data on egg abundance in the different locations of the Bolzano 
province are used (Table 8). A procedure similar to that used for the sites of the Bolzano Province was also 
applied in order to rebuild meteorological data for the whole European area (grid with pixel 0.25 × 0.25 
degrees lat - lon referred to a rectangular area ranging from 34° to 72° North and -11° to 42° East). In such 
case the daily time series 2000-2012 of Tx, Tn for each cell are produced by a suitable interpolation 
procedure (weighted average with weight inversely proportional to squared distances on data previously 
homogenized for the height adopting a lapse rate of -0.5°C/100 m) applied to maximum and minimum 
temperatures from synoptic meteorological stations beginning to the NOAA-GSOD dataset (National 
Oceanic and Atmospheric Administration, National Climatic Data Centre, Global Summary Of the Day). 
Also in this case hourly air temperatures (AT) are obtained by means of the de Wit algorithm (de Wit et al., 
1978) and hourly water temperatures are obtained by means of a semi-empirical model based on the Fourier 
equation of heat diffusion (Larnier et al., 2010). 

 

4. Results 

 

4.1. Model calibration  

 

The model is calibrated estimating the parameters of a density-dependent mortality rate function for the Ae. 

albopictus larvae. To run the model an initial population of 100 adults at 1st of May, with physiological age 
uniformly distributed between 0 and 1, is considered. Air temperature is used for simulating the population 
abundance of the adult stage while water temperature at 5 cm depth is used for simulating the population 



dynamics of the immature stages. A reference year of 8760 hourly values is obtained averaging hourly 
values of the original period 2000-2012 as explained above. 

Parameters Z and \ in formula (13) are estimated using a least square method in order to minimize the 
difference between the simulated and the mean number of observed eggs per week in the different locations 
of the Bolzano province. In particular, we solve the problem: 

minf,[ gHEh�#�Z, \� − i�JGj
�!#  

where Eh�#�Z, \� is the mean number of eggs simulated in the location 	, depending on the parameters Z, \, 

while i� is the number of eggs collected in the same location. 

The mean number of eggs in the simulation is obtained running the model for 20 years in order to obtain a 
stable pattern of population dynamics and the yearly mean over the last year is used. In table 8 are reported 
the results of model calibration. The model is able to predict the mean number of eggs in the locations 
where the species is present. Where the mosquito is not established (Brunico and Vipiteno) the model 

correctly predicted the absence of eggs. The values of the estimated parameters are Z = 0.1606, \ =0.5133, with 95% confidence intervals l0.0145, 1.7787o  and l0.1179, 0.9087o, respectively. 

  

Table 8. Mean number of mosquito eggs in the different locations of the Bolzano Province. Only locations 
in which the mosquito is present are here considered. 

Location Mean number of 

observed eggs/week 

Estimated 

number of eggs 

Appiano 13.96 26.77 

Caldaro 21.38 18.20 

Bressanone 2.05 5.08 

Bolzano 80.77 72.07 

Laives 112.63 115.46 

 

4.2. Maps of mosquito potential distribution, abundance and activity 

 

The calibrated model is used for deriving maps representing the area of potential distribution, abundance 
and activity (expressed as number of weeks between the spring egg hatching and the beginning of autumn 
egg diapause) of Ae. albopictus in each location of a 0.25 x 0.25° lat lon grid covering Europe. We run the 
model for each point of the grid, using 100 adults at 1st of May, with physiological age uniformly distributed 
between 0 and 1 as initial conditions. In each point, the simulation covers a 10 years period. An index of 
mosquito population abundance is derived by calculating the mean number of adult females per area unit 
over the last year of simulation. This index is mapped for the simulated area in Fig. 1.  
The model predicts an area of potential distribution that comprises the Iberian peninsula, most of France 
and Italy, the Balkan peninsula and large parts of Hungary, Romania and Ukraine. Isolated populations 
might be present in some areas of central Europe where climate is more favourable. The model predicts the 



presence of Ae. albopictus in central Germany and in southern Czech Republic in agreement to the latest 
detections reported in Kuhlisch et al. (2018) and Rudolf et al. (2018), respectively. The predicted population 
abundance shows a negative gradient from southern to northern Europe. The highest population abundance 
is predicted for the Mediterranean countries particularly in proximity of the coastal areas (especially in the 
Italian peninsula, southern Spain, southern Portugal and southern France).  

 
Figure 1. Heat map showing the simulated index of Ae. albopictus population abundance (mean number of 
adult females per area unit on the last year of simulation) in Europe. Temperature data used in the model 
refer to the period 2000-2012. The dark blue colour class is defined as ‘trace’ and represents areas in which 
the abundance is positive and less than 1.  

Another important aspect linked to the potential impact of a vector is represented by the seasonal activity 
period, i.e. the time between egg hatch and the beginning of diapause (Caminade et al., 2012; ECDC, 2009; 
Medlock et al., 2006). The outputs of the simulation are shown in Fig. 2. The highest population activity 
(up to 19 weeks) is found in southern Europe (especially in the south of Spain, Portugal, Greece, Italy, 
Cyprus, and Crete) mainly in the coastal areas. The seasonal activity decreases towards the northern 
distribution limit of the species with a less evident gradient respect to population abundance.  



 
Figure 2. Simulated mosquito seasonal activity expressed as number of weeks between the spring egg 
hatching and the beginning of autumn egg diapause (pale pink to dark red colour gradient). The green colour 
refers to areas characterized by the absence of the species.  

 

5. Discussions and conclusions 

 

Since the first introduction in Europe, Ae. albopictus showed a rapid expansion of its area of establishment 
raising concerns related to potential vector-borne diseases outbreaks in Europe. Among other variables, 
temperature and precipitation patterns are major drivers in determining the habitat suitability of Ae. 

albopictus, while the duration of daylight is fundamental in triggering diapause and thus ensuring the 
survival towards the northern distribution limit. This work presents the results of a mechanistic model 
predicting the potential distribution of the species and evaluating the abundance and the seasonal period of 
activity as main factors in determining the impact of Ae. albopictus in Europe. The model aims at 
realistically represent the physiological and ecological responses of the species to its major abiotic drivers, 
specifically air temperature for adult stages, water temperature for immature stages, and both water 
temperature and duration of daylight for simulating diapause. Furthermore, we introduce a biotic controlling 
factor in terms of density-dependent mortality affecting larvae. 
Overall, the simulated area of potential distribution and the northern limit comply with the most updated 
distribution reports of Ae. albopictus in Europe (ECDC and EFSA, 2019). The model is able to foresee the 
presence of the species in southern Europe where the favorable climate allowed its establishment. The 
interpretation of data related to the absence of the species must be carefully evaluated, since the mosquito 



has not reached the maximum potential distribution in Europe as clearly demonstrated by the absence in 
south-east part of the Iberian peninsula as well as many other parts of the Mediterranean basin characterized 
by a suitable climate. Although the species has not reached a stable distribution in central Europe, the 
current presence of the species in southern UK, Belgium, Germany, Switzerland, Austria, Czech Republic, 
Romania, Serbia, Bulgaria, Hungary and Slovakia (ECDC and EFSA, 2019) is correctly predicted by the 
model. Furthermore, the model predicts the presence of established populations in limited areas of Poland, 
Lithuania, Ukraine, Moldavia and Cyprus, thus these areas might be considered as potentially suitable for 
the introduction of the species. Unlike ECDC and EFSA (2019), the model does not predict the presence of 
mosquito populations in the Netherlands. However, the mosquito populations in this country are not 
classified as established. Unlike some correlative models (Caminade et al., 2012; Proestos et al., 2015) the 
simulated potential mosquito distribution does not reach northern Europe (e.g. the south and the west part 
of the UK, Ireland, western Scotland and Denmark). In our model, the simulation of the diapause process 
makes year-round survivorship of the species (i.e. establishment) relatively independent of the mild climatic 
conditions found in coastal areas. This enables exploring the full potential geographic distribution of the 
species, including areas that may be suitable but where correlative modeling approaches may predict 
absence due to partial niche characterization in the underlying occurrence data (see Soberón and Nakamura, 
2009).  
A major output of our model is the quantification of the projected mosquito population abundance in 
Europe. Our model shows a sharp latitudinal gradient in respect to Ae. albopictus population abundance. 
Correlative models do not provide any information about population abundance and habitat suitability may 
not be considered as a proxy of potential species abundance. However, the patterns of habitat suitability 
projected by most correlative models show a positive east-west gradient with a clear Atlantic influence (i.e., 
the habitat suitability is positively influenced by the proximity of the Atlantic ocean as noticed in Portugal) 
(Benedict et al., 2007; Caminade et al., 2012; Fischer et al., 2014; Proestos et al., 2015). Erguler et al. 
(2016) provided a mosquito habitat suitability index based on the ratio between the predicted population 
size in a certain location and the minimum population size allowing the establishment of Ae. albopictus. In 
accordance to our model, high population abundance is expected in southern and western Spain and 
Portugal, southern France, the coastal areas of Italy and the coastal areas of Bulgaria and Romania. In 
contrast to Erguler et al. (2016) our model projections do not allow the establishment of Ae. albopictus 
above the 50th North parallel. Especially, in accordance with the most updated Ae. albopictus distribution 
maps (ECDC, 2019), our model does not allow the establishment of populations in the UK (with the 
exception of a single point in southern London) and in Ireland.  
Another important factor in the determining the risks linked to vector-borne diseases is the mosquito 
seasonal activity period (Caminade et al., 2012; ECDC, 2009; Medlock et al., 2006). In our model, the 
activity pattern shows a less evident south-north latitudinal gradient if compared with the predicted 
abundance. This might be caused by the influence of the daylight length (higher in northern Europe if 
compared to southern Europe) which prevents a fast decrease of the activity period along the south-north 
latitudinal gradient. 
The pattern of activity predicted in our model differs from the pattern presented in ECDC (2009) and in 
Caminade et al. (2012) where the east-west gradient is still prominent as well as a Mediterranean influence 
(i.e. the positive influence on population activity in proximity of the Mediterranean Sea).  



Our model does not take into account the potential role of rainfall on physiological and ecological responses 
of the investigated species. However, given the fact that Ae. albopictus is able to produce eggs in any type 
of natural and/or human-made water body, this shortcoming does not have strong impact on the mosquito 
pattern of establishment at the large-scale. However, population abundance might be influenced by the land 
use, in particular in relation to the availability of water at local and meso-scale. 
The reliability of any quantitative risk projection is related to the possibility of calibrating and validating 
model outputs, particularly if data are collected in the area where the risk is assessed. Our model is 
calibrated in the capacity to foresee the establishment along an altitudinal gradient up to an altitude that 
prevents population survival in winter. Model calibration also allows to produce realistic projections of 
population abundance in terms of number of eggs per area unit, considering both the influence of climate 
and density-dependent regulation. Calibrating the model using the eggs is of paramount importance, since 
the sampling of this stage produces the most reliable estimation of population abundance. The model 
presented in this paper might be a suitable tool for the development of knowledge-based strategies aimed 
at the management of Ae. albopictus and for the implementation of effective control measures against 
vector-borne diseases. The projection of seasonal activity period and mosquito population abundance might 
be used in combination with epidemiological models in order to produce risk maps of vector-borne diseases 
outbreaks in Europe at different levels of resolution (from local to continental level). At continental level, 
the model might support the identification of suitable areas in Europe where Ae. albopictus has not yet been 
found in order to prevent the introduction in new areas. The maps on potential distribution together with 
maps on expected population abundance can be used to develop surveillance programs targeting vector 
populations or prioritize area for vector control that are at higher risk of vector-borne diseases outbreaks. 
The model might be used to support the design and the implementation of precision target control activities 
against Ae. albopictus. This requires the integration of the simulation model within a decision support tool 
in which GIS technology allows the management of environmental information strata and model outputs at 
high resolution (Rossi et al., submitted). Normally these systems are suited for supporting pest control 
activities at limited spatial extensions with high spatial and temporal resolution data on water and air 
temperature, relative humidity, cloudiness, breeding sites presence, size and distribution etc.  At micro-
scale it is also possible to describe the effects of environmental alteration due to human activities (e.g. effect 
of thermal pollution due to industrial effluents, change in the land use) on mosquito population 
abundance.The model could also aid in assessing those mosquito control strategies based on the induction 
of sterility such as the conventional SIT or by the exploitation of the endosymbiont bacterium Wolbachia 
that can induce both sterility (Bourtzis et al., 2104; Calvitti et al., 2012; Moretti et al., 2018a; see e.g., 
Gutierrez et al., 2019 for how the impact of sterility could be assessed) and virus protection (Moretti et al., 
2018b). 
Future model developments will focus on the introduction of scenarios related to the effects of: i) control 
measures, ii) water availability and iii) climate change, on the overall mosquito population distribution, 
activity and abundance. 
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