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Surveillance Strategy in Duck Flocks 
Vaccinated against Highly Pathogenic Avian 

Influenza Virus 
Appendix 

Force of Infection Equations 

The forces of infection exerted on susceptible nonimmune ducks are given by equations 

(1) and on immune ducks by equation (2) below: 

𝜆𝜆𝑛𝑛𝑛𝑛(𝑡𝑡) =  𝛽𝛽
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�  (2) 

where 𝛽𝛽 is the transmission rate between nonimmune ducks, 𝐼𝐼𝑛𝑛𝑛𝑛(𝑡𝑡), 𝐼𝐼𝑖𝑖(𝑡𝑡), and 𝑁𝑁(𝑡𝑡) are 

the number of infectious nonimmune ducks at time 𝑡𝑡, the number of infectious immune ducks at 

time 𝑡𝑡 and the total number of ducks at time 𝑡𝑡, respectively, and 𝑓𝑓 and 𝑔𝑔 are the relative 

infectivity and susceptibility of immune ducks (as compared to nonimmune ducks), respectively. 

 
Appendix Table. Model parameter values or distributions used to model highly pathogenic avian influenza transmission within a 
vaccinated flock with both immune and nonimmune ducks 
Parameters Description (unit) Assumed value or distribution Reference 
𝑡𝑡0 Day of virus introduction Uniform(min = 10, max = 84) NA 
𝛽𝛽 Transmission rate (day-1) Gamma(rate = 3.1; shape = 11.1) 

Mean = 3.6; Variance = 1.2 
Derived from (1) 

𝑟𝑟𝑀𝑀 Natural mortality rate Gamma(rate = 6613.8; shape = 1.2) 
Mean = 1.8 × 10−4; Variance = 2.7 × 10−8 

Derived from (1) 

Unvaccinated ducks   
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹 Probability of dying of the disease Gamma(rate = 228.3; shape = 157.8) 

Mean = 0.69; Variance = 3 × 10−3 
Derived from (1) 

Vaccinated but nonimmune duck   
µ𝐸𝐸𝑛𝑛𝑛𝑛  Mean duration of the latent period (day) Gamma(rate = 6.2; shape = 2.9) 

Mean = 0.47; Variance = 0.076 
Derived from (1) 

µ𝐼𝐼𝑛𝑛𝑛𝑛 Mean duration of the infectious period 
(day) 

Gamma(rate = 2.7; shape = 13.6) 
Mean = 5; Variance = 1.8 

Derived from (1) 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹𝑛𝑛𝑛𝑛 Probability of dying of the disease 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹𝑛𝑛𝑛𝑛   ×  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹 NA 
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Parameters Description (unit) Assumed value or distribution Reference 
𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹𝑛𝑛𝑛𝑛   Reduction factor for the probability of 

dying of the disease 
1, 0.5, and 0.05 NA 

Vaccinated immune duck   
𝑔𝑔 Relative susceptibility 0.1 Assumed in 

accordance with (2) 
µ𝐸𝐸𝑖𝑖 Mean duration of the latent period (day) µ𝐸𝐸𝑛𝑛𝑛𝑛 (2) 
µ𝐼𝐼𝑖𝑖 Mean duration of the infectious period 

(day) 
𝑘𝑘µ𝐼𝐼* µ𝐼𝐼𝑛𝑛𝑛𝑛 NA 

𝑘𝑘µ𝐼𝐼 Reduction factor for the mean duration 
of the infectious period 

0.19 (2) 

𝑓𝑓 Relative infectivity 0.1 Assumed in 
accordance with (2) 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹𝑖𝑖 Probability of dying of the disease 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹𝑖𝑖   × 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹 NA 
𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹𝑖𝑖   Reduction factor for the probability of 

dying of the disease 
0.05 Assumed in 

accordance with (3,4) 
NA, not applicable 
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Appendix Figure 1. Probability of outbreak occurrence in unvaccinated (beige bars) and preventively 

vaccinated duck flocks (pink bars), for different timings of virus introduction. Effective vaccination 

coverage in vaccinated flocks was assumed to be 80%. Outbreak was defined as a simulation where at 

least five ducks became infected following the first infected duck. Left panel: the virus was introduced into 

the flock when ducks were not yet immune (i.e., before day 28); middle panel: the virus was introduced 

during the transition phase (i.e., between day 28 and day 35); right panel: the virus was introduced once 

immunity was fully reached (i.e., after day 35). The shades of pink represent the different scenarios of the 

immune status of the first infected duck (light pink: nonimmune; pink: immune; dark pink: randomly 

selected with a probability of 0.2 to be nonimmune and 0.8 to be immune). Each probability was 

calculated based on 500 stochastic simulations of the model. 
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Appendix Figure 2. Probability of outbreak occurrence in unvaccinated (beige bars) and preventively 

vaccinated duck flocks (pink bars), for different timings of virus introduction. Effective vaccination 

coverage in vaccinated flocks was assumed to be 70%. Outbreak was defined as a simulation where at 

least five ducks became infected following the first infected duck. Left panel: the virus was introduced into 

the flock when ducks were not yet immune (i.e., before day 28); middle panel: the virus was introduced 

during the transition phase (i.e., between day 28 and day 35); right panel: the virus was introduced once 

immunity was fully reached (i.e., after day 35). The shades of pink represent the different scenarios of the 

immune status of the first infected duck (light pink: nonimmune; pink: immune; dark pink: randomly 

selected with a probability of 0.3 to be nonimmune and 0.7 to be immune). Each probability was 

calculated based on 500 stochastic simulations of the model. 
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Appendix Figure 3. Comparison of the sensitivity and alert delay of different surveillance strategies in 

preventively vaccinated farms, according to different values of case fatality rate for nonimmune 

vaccinated ducks. Effective vaccination coverage in vaccinated flocks was assumed to be 90%. For each 

of the surveillance strategies, two or three scenarios were tested by varying the value of x (in pink). For 

passive surveillance strategies P1, P2 and P3, x referred to mortality thresholds. For active surveillance 

A, x referred to the frequency with which 60 live ducks were taken from the farm. For enhanced passive 

surveillance EP, x referred to the number of dead ducks sampled each time. For each of these scenarios, 

the sensitivity and alert delay were compared. Sensitivity (first row of each graph) was the percentage of 

outbreaks out of 5,000 that triggered an alert. Alert delay (second row of each graph) was the distribution 

of the number of days between the virus introduction and the alert, out of 5,000 outbreaks. Here we 

compared the effectiveness of these different surveillance strategies according to different percentage of 

reduction of the assumed case fatality rate for the vaccinated but nonimmune population, compared with 

the observed rates in unvaccinated ducks. 
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Appendix Figure 4. Comparison of the sensitivity and alert delay of different surveillance strategies in 

preventively vaccinated farms, according to different values of case fatality rate of nonimmune vaccinated 

ducks. Effective vaccination coverage in vaccinated flocks was assumed to be 80%. For each of the 

surveillance strategies, two or three scenarios were tested by varying the value of x (in pink). For passive 

surveillance strategies P1, P2 and P3, x referred to mortality thresholds. For active surveillance A, x 

referred to the frequency with which 60 live ducks were taken from the farm. For enhanced passive 

surveillance EP, x referred to the number of dead ducks sampled each time. For each of these scenarios, 

the sensitivity and alert delay were compared. Sensitivity (first row of each graph) was the percentage of 

outbreaks out of 5,000 that triggered an alert. Alert delay (second row of each graph) was the distribution 

of the number of days between the virus introduction and the alert, out of 5,000 outbreaks. Here we 

compared the effectiveness of these different surveillance strategies according to different percentage of 

reduction of the assumed case fatality rate for the vaccinated but nonimmune population, compared with 

the observed rates in unvaccinated ducks. 
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Appendix Figure 5. Comparison of the sensitivity and alert delay of different surveillance strategies in 

preventively vaccinated farms, according to different values of case fatality rate of nonimmune vaccinated 

ducks. Effective vaccination coverage in vaccinated flocks was assumed to be 70%. For each of the 

surveillance strategies, two or three scenarios were tested by varying the value of x (in pink). For passive 

surveillance strategies P1, P2 and P3, x referred to mortality thresholds. For active surveillance A, x 

referred to the frequency with which 60 live ducks were taken from the farm. For enhanced passive 

surveillance EP, x referred to the number of dead ducks sampled each time. For each of these scenarios, 

the sensitivity and alert delay were compared. Sensitivity (first row of each graph) was the percentage of 

outbreaks out of 5,000 that triggered an alert. Alert delay (second row of each graph) was the distribution 

of the number of days between the virus introduction and the alert, out of 5,000 outbreaks. Here we 

compared the effectiveness of these different surveillance strategies according to different percentage of 

reduction of the assumed case fatality rate for the vaccinated but nonimmune population, compared with 

the observed rates in unvaccinated ducks. 
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