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3.	 Enter the above-mentioned parameter values into a stochastic model and repeatedly simulate the disease 
outbreak on a farm until the calculated cumulative disease-induced mortality exceeds the observed mortal-
ity throughout the time interval determined in step 1. Each simulation is started with one latent individual. 
The length of the simulated period is recorded for every simulation and used to construct a distribution for 
the virus introduction time window.

4.	 Perform a sensitivity analysis to uncertain parameters.

Below, these four steps are described in more detail. For step 2, we developed two new methods (A and B). 
Method A estimates β by directly fitting the SEIR model to the deterministic growth in mortality. Method B 
estimates β by fitting back-calculated data on the daily number of infectious and newly infected animals using a 
likelihood function which accounts for the stochastic nature of the early phase of disease outbreaks.

The time interval of disease‑induced mortality.  To estimate for each outbreak farm from which day 
onwards the observed mortality reflected HPAI virus-induced mortality instead of background mortality due to 
other causes, we used a moving weekly average approach22. In short, this approach identifies the first instance 
when, for two consecutive days, the mortality is significantly higher than the daily mortality during the preced-
ing week-long period. The number of consecutive time points nd during which the recorded daily mortality was 
estimated to reflect HPAI virus-induced mortality is given in Table 2 for the different outbreak farms.

General modelling approach.  In order to estimate the farm-specific transmission rate β and back-calcu-
late the point of virus introduction from disease-induced mortality data, we used a SEIR modelling approach. 
The poultry population was divided into susceptible ( S ), exposed ( E ), infectious ( IR, ID ) and recovered ( R ) com-
partments. To track the cumulative number of disease-induced deaths, we added an additional compartment D . 
The model distinguishes two alternative infectious stages IR and ID in order to accommodate for differences in 
the infectious period distribution between animals that die and animals that recover. A fraction fD of the indi-
viduals that become infectious enter the compartment of individuals that die from disease and the remainder 
( 1− f D ) enters the compartment of recovering individuals.

Model parameters describing the distributions of the latent and infectious periods and the percentage of 
infected birds dying were assumed to be the same for farms housing the same species and taken from the litera-
ture. Below we present two alternative methods to estimate a farm-specific transmission parameter β (methods 
A and B) using the general SEIR modelling approach.

Having obtained an estimate of transmission parameter β , we used a stochastic version of the general SEIR 
model (Supplementary Methods S1) to obtain a distribution for the time of disease introduction by repeat-
edly running this and recording the time interval from disease introduction until exceedance of the observed 
cumulative disease-induced mortality. The variation in outcome between the different model runs is due to the 
stochastic nature of the early phase of an outbreak, when the number of infectious individuals is still small. We 
define the ‘mean time of virus introduction’ as the mean of the distribution for the point of virus introduction 
with parameter β set to its maximum likelihood estimate. The ‘introduction window’ is defined as the time 

Table 1.   Farm characteristics, disease-induced mortality and the estimated date of virus introduction for 
outbreaks of highly pathogenic avian influenza of subtype H5N8 on poultry farms in the Netherlands in 
2014 and 2016. a All outbreaks were in flocks that were housed indoors. b Based on the mean time of virus 
introduction with transmission parameter β estimated using method A (see “Methods”). c The value of the 
transmission parameter β could not be estimated and therefore the time of virus introduction could not be 
back-calculated.

Farm identifier Farm typea # Birds in infected house
Estimated cumulative mortality 
due to disease Date last recorded mortality

Estimated date of virus 
introductionb

Chickens 2014

A Layer 23,459 1519 16/11/2014 01/11/2014

B Layer 27,840 997 20/11/2014 10/11/2014

C Layer 28,417 106 29/11/2014 17/11/2014

D Broiler breeder 6,141 210 20/11/2014 –c

Ducks 2014

E Meat duck 14,500 115 21/11/2014 –c

Chickens 2016

F Layer 23,699 656 12/12/2016 05/12/2016

C Layer 27,369 127 24/12/2016 18/12/2016

G Broiler breeder 12,296 224 20/12/2016 –c

Ducks 2016

H Meat duck 7,800 83 01/12/2016 16/11/2016

I Meat duck 8,550 416 01/12/2016 21/11/2016

E Meat duck 15,000 105 15/12/2016 26/11/2016
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using a method which applies a variable step size in order to balance computational efficiency with a sufficient 
level of accuracy (function lsoda in R package deSolve).

Figure 1.   The distributions for the day of virus introduction on outbreak farm H for three different values of 
transmission parameter β (maximum likelihood estimate (MLE), upper and lower 95% confidence bounds). 
Arrows indicate the introduction window and the mean time of virus introduction (see text).

Table 3.   The estimated values of epidemiological parameters for highly pathogenic avian influenza of subtype 
H5N8 that infected poultry farms in the Netherlands in 2014 and 2016. a See Supplementary Methods S2 
for a description of the search terms and selection criteria that were used for the literature review and for a 
description of the estimation of parameter values from the literature data. b In the absence of sufficient data, we 
used the value estimated for the distributions of the latent and infectious period of chickens in 2014.

Parameter Estimates for the 2014 straina Estimates for the 2016 straina Sources for 2014 strain Sources for 2016 strain

Chickens

Length of latent period (days) 2 1 41 23

Length of infectious period (days) 2.5 1.1 2,19,41–49 23

% of infected animals dying from disease 100 100 2,19,41–49 23

Shape parameter of the gamma distribution for the latent 
and infectious periods 20 20 2,41,45,46,48 –b

Ducks

Length of latent period (days) 1 1 18 23

Length of infectious period—survivors (days) 8.5 6 18 23

Length of infectious period—non-survivors (days) 8.5 3.5 18 23

% of infected animals dying from disease 20 20 18 23

Shape parameter of the gamma distribution for the latent 
and infectious periods 20 20 –b –b
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β estimates. Method A could not be applied to 3 out of the 11 outbreak farms, because the disease-induced mor-
tality fluctuated strongly in time and could not be described well by an exponential model ( rl < 0.75 ) (1 farm) 
or the likelihood profile was too flat to obtain a maximum likelihood estimate and confidence bounds (2 farms).

The estimated values of β for outbreaks within a single year varied considerably, both for chicken farms as 
well as for duck farms (Table 4). Maximum likelihood estimates of β for outbreaks on chicken farms varied from 
4.4 to 34.4 in 2014 and from 8.5 to 10.9 in 2016. For ducks, β could only be estimated for outbreaks in 2016 and 
varied from 0.95 to 11.8.

Time of virus introduction.  The mean time of virus introduction for outbreaks within a single outbreak 
season also varied considerably for both chicken and duck farms (Table 4). For chicken farms, it was higher for 
outbreaks in 2014 (9.8 to 14.8 days) than outbreaks in 2016 (5.9 to 7.4 days). For duck farms, the mean time of 
virus introduction for outbreaks in 2016 (9.5 to 18.8 days) was much higher than for chickens in the same year.

In general, the width of introduction windows was higher for outbreak farms with a wider confidence interval 
for the transmission parameter β and a lower maximum likelihood estimate of parameter β (Table 4). The width 
of the introduction window also varied considerably between outbreaks on chicken farms from 0.7 to 4.7 days. 
The width of the introduction window for the outbreaks on duck farms varied from 1.4 to 5.8 days, but was 

Table 4.   The farm-specific estimates of transmission parameter β according to method A (see text) and the 
corresponding mean times of virus introduction and introduction windows for outbreaks of highly pathogenic 
avian influenza of subtype H5N8 on poultry farms in the Netherlands in 2014 and 2016. a Only farms for which 
parameter transmission parameter β could be estimated are shown. b Maximum likelihood estimate.

Farm identifiera Farm type Type of β estimate
Mean time of virus 
introduction (days)

Virus introduction 
window (days)

MLEb 95% confidence bounds

Chickens 2014

A Layer 5 (4.4–5.6) 14.8 (14.3–15.3)

B Layer 34.4 (27.3–44.1) 9.8 (9.5–10.2)

C Layer 4.4 (2.2–11.4) 11.8 (9.8–14.5)

Chickens 2016

F Layer 8.5 (7.1–10.6) 7.4 (6.9–7.8)

C Layer 10.9 (6–21.4) 5.9 (5.1–6.9)

Ducks 2016

H Meat duck 1.6 (1–2.6) 14.5 (12.3–18.1)

I Meat duck 11.8 (8.3–18.1) 9.5 (8.8–10.2)

E Meat duck 0.95 (0.3–2.3) 18.8 (12.9–51)

Figure 2.   The maximum likelihood estimates and 95% confidence bounds of transmission parameter β on two 
outbreak farms according to three different estimation methods (see text). 
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We explored two different methods for estimating the transmission rate of HPAI virus within flocks. Method 
A estimates the transmission rate directly from the disease-induced mortality data. In contrast to method B, it 
assumes a continuous exponential increase in the number of infectious individuals during the initial phase of an 
outbreak. The fact that it could be successfully applied to 8 out of the 11 outbreaks shows that most outbreaks had 
already entered the exponential or a later outbreak phase when detected. The exception was the outbreak on one 
duck farm (farm E in 2014) for which the daily mortality fluctuated strongly in time shortly prior to detection. 
One must realize that we rely on self-reported mortality data recorded by poultry farmers and that the accuracy 
of these records will vary between poultry farmers during a clinical episode with high potential economic and 
emotional impact. The two remaining farms to which method A could not be successfully applied did show 
exponential growth, but the likelihood functions were too flat to reliably estimate the transmission rate. This is 
because method A requires the estimation of a second model parameter in addition to the transmission rate.

The second method (B) could only be applied successfully to 2 out of the 11 outbreak farms. This is because 
this method does not estimate the transmission rate directly from the disease-induced mortality data, but indi-
rectly from the back-calculated number of infectious individuals in time and the number of new cases produced 
by these individuals during one-day time steps. The number of time steps for which the back-calculation proce-
dure can predict both the number of infectious individuals and the number of new cases depends on two factors: 
the number of days for which mortality was assumed to be disease-induced and the length of the latent period. 
This is because the back-calculation procedure first predicts the daily number of new cases from the mortality 

Table 5.   The effect of the number of consecutive days with disease-induced mortality (data points) on the 
estimated value of transmission parameter β and the mean time of virus introduction.

Farm identifier

MLE for transmission rate β using method A Mean time of virus introduction (days to detection)

One data point less
Default number of data 
points

One additional data 
point One data point less

Default number of data 
points

One additional data 
point

Chickens 2014

A 5.2 5 5 14.6 14.8 14.7

B 34.4 34.4 37 9.8 9.8 9.7

C – 4.4 4.4 – 11.8 11.9

Chickens 2016

F 5.6 8.5 9.4 8.5 7.4 7.2

C – 10.9 9.5 – 5.9 6.1

Ducks 2016

H 2.2 1.6 1.8 12.8 14.5 13.9

I 16.5 11.8 10.5 9 9.5 9.7

E – 0.95 2 – 18.8 13.5

Table 6.   The elasticity of transmission rate β and the mean time of virus introduction to deviations from 
the default settings of epidemiological parameters. a Maximum likelihood estimate. b See Supplementary 
Methods & Results S2 for an overview of the deviations of epidemiological parameters from their default 
settings. c All infected chickens were assumed to die from disease. d The estimated value of the transmission 
rate β or the mean time of virus introduction did not consistently increase or decrease when the value of the 
epidemiological parameter was increased.

Farm identifier

Elasticity of the MLEa for transmission rate β (using method A) to changesb 
in the: Elasticity of the mean time of virus introduction to changesb in the:

Latent period
Infectious period 
(dying animals)

Infectious period 
(recovering 
animals)

% dying from 
disease Latent period

Infectious period 
(dying animals)

Infectious period 
(recovering 
animals)

% dying from 
disease

Chickens 2014

A 1.76 − 0.50 –c –c 0.17 0.18 –c –c

B 1.52 0.18 –c –c 0.13 0.24 –c –c

C 2.93 − 0.36 –c –c 0.14 0.18 –c –c

Chickens 2016

F 1.54 − 0.43 –c –c 0.25 0.16 –c –c

C 0.80 − 0.38 –c –c 0.34 0.19 –c –c

Ducks 2016

H 0.78 − 0.07 − 0.09 ± 0.06d 0.12 0.22 ± 0.02d − 0.14

I 0.82 0.50 0.00 − 0.34 0.19 0.17 0.00 0.04

E 0.47 0.00 − 0.08 − 0.05 0.13 0.15 − 0.03 − 0.14
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data and then adds the latent period to predict when these new cases become infectious. For most of the H5N8 
outbreaks analysed in this study, disease-induced mortality data was scarce (because poultry farmers reacted 
fast on a suspicious disease situation). In combination with a latent period of 1 or 2 days, the back-calculation 
procedure could not provide enough time steps for these outbreaks with information on both the number of 
infectious individuals and the number of new cases in order to estimate the transmission rate of HPAI virus. The 
studies in which this back-calculation procedure was introduced for estimating the transmission rate of HPAI did 
not estimate farm-specific transmission rates, but instead used the back-calculated information from all farms 
to estimate a farm-independent, i.e. average transmission rate20,21. Method B therefore seems better suited for 
studies at the population rather than at the individual farm level.

For the two outbreaks in this study where both methods A and B could be applied, the estimated transmission 
rates were very similar, but the confidence intervals were smaller for method B than method A. This is probably 
because method A involves the estimation of an additional model parameter from the mortality data.

Most of the outbreaks for which disease-induced mortality data was scarce involved poultry flocks that were 
detected after discovery of the primary case flock in the Netherlands in 2014 and 2016. The three outbreak farms 
with 4 to 7 days of data on virus-induced mortality were either primary case herds or the first infected farm of a 
certain type. This scarcity of data on disease-induced mortality may therefore be explained by a higher level of 
alertness following detection of the primary cases.

To our knowledge, this study is the first to publish estimates of the transmission rate of HPAI H5N8 from field 
data for domestic chickens as well as domestic ducks. Estimates of the transmission rate of H5N8 for chickens in 
2014 and 2016 varied from 4.4 to 34.4 (median 8.5). Published transmission rates of HPAI in domestic chickens 
for other HPAI subtypes (H5N1, H5N2 and H7N7) varied from 0.73 to 33 in transmission experiments1,3,27–30 
and from 0.66 to 19.9 in the field20,21. It can be concluded that the farm-specific estimates of the transmission 
rate of HPAI H5N8 virus in domestic chickens are close to or within the range of transmission rates found for 
other HPAI subtypes. For domestic ducks, the transmission rate was estimated to be 1.22 for HPAI H5N8 virus 
and 1.6 for HPAI H5N1 virus in transmission experiments31. Estimates of the transmission rate in our study were 
very similar for two out of the three outbreaks on duck farms (0.9–1.6), but much higher for the remaining farm 
(11.8). It should be noted that the testing of methods A and B using simulated outbreaks with a known transmis-
sion rate showed that they may slightly underestimate the value of the transmission rate, but were much more 
accurate than the method described in the literature20,21 above to estimate the transmission rate from field data.

The sensitivity analysis showed that the estimated transmission rates were most sensitive to changes in the 
latent period. An increase of the latent period by 2 days could increase the transmission rate up to 14.1 times. 
This sensitivity to changes in the latent period was also observed in other studies20,24,30 and is probably caused 
by the effect of the latent period on the time interval from the moment an individual becomes infected until the 
first secondary case (generation time). Assuming that the length of the infectious period and the transmission 
rate remain constant, an increase in the latent period will decrease the growth rate of the number of infectious 
individuals, since the same amount of secondary infections is produced over a longer period. To achieve a good 
fit to the observed growth of the number of disease-induced deaths (and therefore infectious individuals), the 
longer latent period will be compensated for by increasing the value of the transmission rate.

As mentioned above, the estimated transmission rate could vary considerably between farms of the same type 
that were infected in the same avian influenza season, e.g. from 4.4 to 34.4 for outbreaks on layer farms in 2014 
and from 1.22 to 11.8 on meat duck farms in 2016. Several studies have explored the effect of flock age and flock 
size on the transmission rate of HPAI in poultry flocks. Flock size did not significantly influence the transmis-
sion rate of HPAI virus in chicken and turkey farms20,32. Flock age did significantly influence the transmission 
rate of HPAI virus in chicken flocks with lower transmission in older flocks20. This age-effect was however not 
found for turkey flocks32. Differences in the density of chickens may also cause variation in the transmission 
rate, but the birds on all farms included in our analysis were housed indoors and densities in these houses are 
approximately similar in the Netherlands. In addition, we assumed frequency-dependent transmission in our 
SEIR model framework with a fixed contact rate independent of the bird density. Finally, the presence of co-
morbidities due to other diseases may also cause variation in the within-flock transmission rate. The number 
of outbreaks included in this study was too small to determine the effect of the different explanatory variables 
on the transmission rate.

In case of an HPAI outbreak in the Netherlands, the time window for back-tracing contacts will be deter-
mined based on epidemiological and other relevant factors (e.g. meteorological)33. Our study shows that the 
most likely time of HPAI introduction was ≤ 14.8 days prior to disease detection for outbreaks on chicken farms 
and ≤ 18.8 days prior to disease detection for outbreaks on duck farms. The sensitivity analysis showed that these 
estimates are robust to changes in the values of epidemiological parameters (Supplementary Methods & Results 
S2). Using conservative estimates of the transmission rate (lower bound of the 95% confidence intervals) also 
did not increase the time of virus introduction very much for outbreaks on chicken farms and most duck farms 
as well (Table 4). However, there is one exception. The virus introduction time increased to 51 days prior to 
detection on one meat duck farm (farm E 2016), when using the conservative estimate of the transmission rate. 
Our analysis suggests that in most cases a back-tracing window of approximately 3 weeks would be sufficient to 
capture the period during which a chicken or duck farm is infectious. This information can be used to improve 
both the efficiency and efficacy of contact-tracing. The uncertainty in the estimation of the introduction window 
can be reduced by the more accurate collection of mortality data by farmers. It should be noted that all chicken 
farms for which the transmission rate could be estimated in this study were layers. In addition, it should be noted 
that the values of epidemiological parameters for future HPAI strains may be different from the H5N8 strains 
in this study, especially for ducks.

The approach that we developed in this study for the estimation of the introduction window of HPAI onto 
poultry farms can account for differences in the epidemiology between HPAI subtypes and poultry species by 
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