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Epidemiological model structure 17 

According with the scheme reported in Fig A we simulated WNV spread into the Lombardy region through 18 

the following system of differential equations: 19 
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In the proposed system, MS, ME and MI respectively represent the susceptible, exposed and infectious 23 

mosquito population, whereas BSa, BEa, BIa, and BRa represent susceptible, exposed, infectious and recovered 24 

competent adult birds, and BSj, BEj, BIj, and BRj represent susceptible, exposed infectious and recovered 25 

competent juvenile birds. Model parameters are reported in the following table:  26 



Table A: table of parameters used in the modelling framework, with their biological explanation 27 

Parameter Explanation Value Source 

𝜇𝑀 Mosquito death rate (day-1) 4.61

151.6 − 4.75 ∙ 𝑇
 

[1,2] 

𝑝𝐵𝑀 Probability of WNV transmission from bird 

to mosquito per infectious bite 

𝑒(−10.917+0.365∙𝑇)

1 + 𝑒(−10.917+0.365∙𝑇)
 

[3] 

𝜃𝑀 Extrinsic incubation period (day-1) 0.132 + 0.0092 ∙ 𝑇 [4] 

𝜃𝐵 Intrinsic incubation period (day-1) 0.5 [5] 

𝛾(𝑡) Avian fertility rate at day t (day-1) 0.5 (t ≤ July 20) 

0 (t > July 20) 

[6] 

𝜇𝐵 Death rate of adult birds (day-1) 0.0015 [6] 

𝜇𝐵𝑗  Death rate of juvenile birds (day-1) 0.0083 [6] 

𝑏 Mosquito biting rate  𝑓 ∙ 0.122 ∙ 𝑙𝑜𝑔(𝑇 − 9)1.76 [7] 

𝑓 Fraction of bites directed to the competent 

bird species  

* [7], [8] 

𝑝 Avian competence ** - 

𝑝𝑀𝐵 Birds’ susceptibility ** - 

𝜈𝐵 Avian recovery rate **  

* Two different fraction of bites were estimated by the MCMC, one for the early season (f1) and one for the late 28 

season (f2)  29 

** estimated by the MCMC 30 

 31 



 32 

Figure A: Model scheme. Model flow chart for WNV transmission in birds (squares) and mosquitoes (circles) 33 

in an average trapped area. Compartments: BSa, BEa, BIa and BRa (BSj, BEj, BIj and BRj): adult (juvenile) suscepti-34 

ble, exposed, infectious and immune birds; MS, ME and MI: susceptible, exposed and infectious mosquitoes. 35 

Parameters λB and λM are the forces of infection for birds and mosquitoes, respectively, and are computed 36 

as 𝜆𝐵 = 𝑏 ∙ 𝑝𝑀𝐵 ∙
𝑀𝐼

𝐵𝑇
 and 𝜆𝑀 = 𝑏 ∙ 𝑝𝐵𝑀 ∙

(𝐵𝐼𝑎+𝐵𝐼𝑗)

𝐵𝑇
, with BT being the total avian population and Ba the num-37 

ber of adult birds.  38 



Additional results 39 

Model fit 40 

The model fit was quite satisfactory, as 98% of the total (considering all years and subregions) number of 41 

weekly positive pools lay within the 95% CI predictions of the model (Fig B). 42 

43 

Figure B: Model prediction fit. Predicted number of WNV-positive pools for the three years (first line for 44 

2016, second line for 2017 and third line for 2018) and the two areas. Orange points: observed weekly 45 



number of WNV-positive pools; green and blue boxplots (median, 2.5 and 97.5% quantiles): the predicted 46 

distributions of positive pools per week in the western and eastern subregion respectively. 47 

WNV spread and prevalence 48 

We investigated WNV prevalence in mosquitoes (Fig C) and birds (Fig D) in the Lombardy region, according 49 

to model assumptions. Model simulations predict a low prevalence of WNV for the mosquito population in 50 

all years and subregions , never exceeding a daily mean prevalence of 0.231%. In all years and subregions , 51 

the lowest prevalence is shown up to July, and then we can see its increase, a peak in early/late August and 52 

a slight decrease and stabilization. The increase and decrease slopes and the timing for the prevalence peak 53 

both depend on the year and subregions considered. The lowest WNV prevalence in both mosquitoes and 54 

birds was predicted for the western subregions in 2018, with a mean mosquito prevalence of 0.053% (0-55 

0.301% CI), and the highest was also predicted in the eastern subregions in 2018, with a mean prevalence 56 

of 0.231% (0.003-0.99% CI). 57 

On the other hand, the avian prevalence was higher, reaching a daily mean of 8.38% (0.003-35.5% CI). It 58 

increased between June and July, reached the maximum between July and August and then slowly 59 

decreased up to October.  60 

61 

Figure C: Model predictions. Predicted WNV prevalence in mosquitoes in subregions and years. 62 



63 

Figure D: Model predictions. Predicted WNV prevalence in the competent avian population (magpies) in 64 

subregions and years. 65 

Parameter estimate 66 

Posterior distributions of the free parameters are reported in Figure E. As stated in the main text, no 67 

association between the bird-related transmission parameters chosen for analysis in this context, and only 68 

the proportion of immune birds at the beginning of the first simulated season in the western and eastern 69 

subregions (𝑖𝐵𝑤 and 𝑖𝐵𝑒, corr=0.98, P<0.001) and recovery rate and proportion of competent birds (𝜈𝐵 and 70 

𝑎𝑖, corr=-0.54, P<0.001) showed respectively positive and negative correlation (Fig F). The autocorrelation 71 

analysis instead (Fig G) pointed out some correlation for the estimated parameters. 72 



 73 

Figure E: Posterior distribution of parameters. 74 



75 

Figure F: Correlation between epidemiological parameters.  76 



77 

Figure G: Autocorrelation of parameters.  78 

  79 



We carried out a pairwise perturbation analysis for the four key epidemiological parameters investigated, 80 

whose outcome is presented in Fig H. This analysis showed no combined effect of parameter perturbation.  81 

 82 

Figure H: Pairwise perturbation of epidemiological parameters.  83 
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