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The Model
The model is individual based. Each bird has parameter values randomly chosen from
appropriate distributions, and we track the infection status of each and every bird. Each
bird is assigned a latent period, an asymptomatic period, a symptomatic period, a susceptibility, infectiousness rates for virus excreted in faeces and exhaled and an antibody
titre quantiﬁed as a haemagglutination inhibition test. All model parameters and their
distributions are given in Supplmentary Table 1.
In terms of the model, ﬂoor reared birds are a special case of caged birds with just
one cage. The status of the birds and the infectiousness of airborne virus and virus in
faeces are updated every hour. At hour 0 we assume that a small amount of infective
faeces (equal to the amount of infective faeces one bird excretes in an hour) contaminates
a single cage in a caged system or is deposited on the ﬂoor in a ﬂoor–reared system.
The rate of infection ri , of susceptible bird i in cage j is given by the susceptibility of
bird i (which can be reduced by vaccination) multipled by the infectiousness of infective
faeces and airborne virus and divided by the number of birds per cage (thus assuming
frequency–dependent transmission), i.e.,
ri =

si
Tf,j + Ta,j
,
·
1 + Pi
n

(1)

where si is the unvaccinated susceptibility of bird i, n the number of birds per cage, Tf,j
the infectiousness of infective faeces in cage j, Ta,j the infectiousness of airborne virus in
cage j and Pi the reduction in susceptibility caused by vaccination.
We assume that susceptibility drops exponentially with vaccine–induced antibody
titre which is conventionally quantiﬁed by the haemagglutination inhibition (HI) test 1 .
We use HI in the model because there is good data on its distribution within ﬂocks 2 . We
assume that birds with HI titres below a certain threshold Ht , are not protected even
though they may have been vaccinated. Thus Pi is given by

0
if Hi < Ht ,
Pi =
(2)
aP (Hi −Ht )
10
− 1 if Hi ≥ Ht ,
where Hi is bird i’s antibody titre quantiﬁed by the HI test and aP the rate at which
susceptibility decreases with antibody titre. In the main text we assume aP → ∞, which
means that the vaccine is 100% eﬀective and that vaccinated birds with Hi ≥ Ht cannot
be infected. We also consider here aP = 0.05 and 0.1, which means that the vaccine is
imperfect and that vaccinated birds can become subclinically infected. In reality, many
factors determine whether a vaccinated bird becomes infected, including age, species,
challenge dose, health, antibody titre, infections of immuno–suppressive diseases and
cross–reactivity of other AI serotypes 3,4,5,6,7 .
Once birds become infected they are latent (asymptomatic and non–infectious) for
L hours. They then become asymptomatic and infectious for A hours. We assume
that the infectiousness of virus excreted by birds is constant throughout their infectious
periods. At the end of the asymptomatic period birds have a probability pS , of becoming
symptomatic otherwise they die. Symptomatic birds are infectious for S hours and then
die.
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At the beginning of a simulated hour we reduce the infectiousness of infective faeces
Tf , in all cages by a proportion d. The default value of d models decay of infectiousness
in wet faeces at 25◦ C. We next calculate the infectiousness of any new faeces (reduced if
birds have been vaccinated) that has been excreted by all infectious birds in each cage,
which, for cage j, is given by
new
=
Tf,j


i∈infectious bird in cage j

Ef,i
1 + Vi

(3)

where Ef,i the infectiousness of faeces excreted by infectious bird i (if unvaccinated) in
one hour and Vi the reduction in the faeces’ infectiousness caused by vaccination of bird
i. Similar to the derivation of Pi in Equation 2, Vi is given by

0
if Hi < Ht ,
Vi =
(4)
aV (Hi −Ht )
− 1 if Hi ≥ Ht .
10
where aV is the rate of reduction of faeces’ infectiousness with HI titre.
We assume that only a proportion l, of the faeces excreted are retained in cages due
to loss through openings in the cages. The remaining faeces in a cage are spread equally
among neighbouring cages up to a distance zf cages away. We have no estimate for
how far faeces can be spread in caged ﬂocks; we assume in the main text spread to only
contiguous cages, although faeces could be moved farther distances on feed conveyor belts,
for example. However, it is known that spread of infection is slower in caged systems
than in ﬂoor–reared systems 8,9 , so spread is localised in caged systems.
Also at the beginning of each simulated hour we calculate the infectiousness of airborne
virus exhaled in each cage. We assume that viral shedding rates from the cloacal and
trachael are reduced by the same proportion in a vaccinated bird. Virus exhaled in cage
j is given by

Ea,i
new
Ta,j
=
(5)
1 + Vi
i∈infectious bird in cage j
where Ea,i is the infectiousness of airborne virus excreted by infectious bird i (if unvaccinated) in one hour. Airborne virus is assumed to spread equally among neighbouring
cages up to a distance za cages away. We assume that airborne virus is less infectious
than in faeces 9 . There is no quantitative estimate for the relative infectiousness of these
transmission routes, so we assume that transmission in faeces is ten times more likely
than through inhalation (see Sensitivity Analysis for diﬀerent assumptions).
At the end of a vaccinated bird’s asymptomatic period, a check is made to determine if
it will become symptomatic. If it becomes symptomatic another check is made at the end
of its symptomatic period to determine if it dies. The probability pi , of bird i becoming
symptomatic or dying is given by
1
pi =
,
(6)
1 + Si
where

0
if Hi < Ht ,
Si =
(7)
aS (Hi −Ht )
10
− 1 if Hi ≥ Ht ,
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is the reduction in the probability of becoming symptomatic or dying caused by vaccination and aS is the rate of reduction in the probability of becoming symptomatic or dying
with HI titre. In addition, the infectious period of vaccinated birds with Hi ≥ Ht that
do not become symptomatic or become symptomatic but do not die is assumed to decay
linearly with the log of their HI titre. For bird i, this is given by

Iv,i + log2 Ht − log2 Hi if Ht ≤ Hi ≤ Iv,i + Ht ,
(8)
infectious period =
0
otherwise
where we have assumed that a drop of 1–log in HI titre translates into a 1–day reduction
in infectious period. For unvaccinated birds and vaccinated birds with Hi < Ht infectious
period is determined by the distributions of asymptomatic and symptomatic periods.
The values of aP , aV and aS are not known. However, current vaccines reduce viral
shedding by approximately 10,000–fold at a HI titre of about 1:40, this translates into
a value of 0.1 for aV . We also perform simulations of a poorer vaccine with a 100–fold
reduction in virus shedding rate. This translates into a value of 0.05 for aV . Parameters
aP and aS are assumed to have the same value as aV .
The ﬂock is checked De times per day, in practice, usually once in the morning and
once in the evening. A tally of dead birds is kept. Detection can occur in a variety of
ways:
• Mortality greater than Dd % in two consecutive 24 hour periods.
• Mortality greater than Dw % over the last week.
• Reduction in feed or water intake or egg production of DS %. Our proxy for this is
the number of symptomatic birds divided by the number of birds alive.
• Fraction of cages with the number of dead birds greater than Dp n is greater or
equal to Dc .
• Death of a single infected sentinel bird.
As well as death due to infection, birds also stochastically die of other causes at a constant
background rate of b per day.
In a caged system we model two methods of placing sentinels in cages: at most
one sentinel per cage in randomly chosen cages (main text), and randomly chosen cages
containing just sentinels (sensitivity analysis).
Mean susceptibility μs , is set to 1 with no loss of generality. Mean infectiousness of
infective faeces is then found by conditioning the model output on the observation that
all birds in ﬂoor reared systems die within 1 week of ﬁrst detection 10 . With our default
parameters, this gives μf ≈ 0.1 and R0within ≈ 66 in unvaccinated ﬂoor–reared birds and
R0within ≈ 25 in caged systems with 8 birds per cage.

Sensitivity Analysis
Using the parameters in Supplmentary Table 1 as default, we varied all of the parameters
to test their eﬀect on the probability of an outbreak, probability of detection, probability
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of an outbreak at end of cycle and ﬂock infectiousness. Parameters can be loosely classiﬁed as aﬀecting housing, aﬀecting R0within , aﬀecting detection and aﬀecting the eﬀects
of vaccination. In the following ﬁgures we show only those parameters in each class that
have the largest eﬀect on the variables. The results for the default parameters are shown
in the upper row of graphs in each ﬁgure.
In Supplmentary Figure 1 we show the eﬀects of diﬀerent housing conditions. For
ﬂocks without sentinels, the probability of an outbreak is increased with greater mixing
of birds (c, d and e). The probability of undetected outbreaks during the production
cycle and at the end of the production cycle is reduced if spread within the ﬂock is faster
(d, e and f). Increasing the number of birds in direct contact greatly increases ﬂock
infectiousness (compare a with c and d with e). All negative eﬀects of vaccination are
mitigated or reduced if sentinels are used.
In Supplmentary Figure 2 we show the eﬀect of parameters that change R0within and
within
Rc
. For ﬂocks without sentinels, the probability of an outbreak is increased for slower
decay of faeces’ infectiousness and for imperfect vaccines (d, e and f). The probability of
detecting outbreaks during the production cycle, the probability of undetected outbreaks
at end of cycle and relative ﬂock infectiousness all decrease as Rcwithin decreases (compare
a against all). In addition, the peak of the probability of undetected outbreaks and
the peak of ﬂock infectiousness move to lower protection levels as Rcwithin declines. All
negative eﬀects of vaccination are mitigated or reduced if sentinels are used.
In Supplmentary Figure 3 we show the eﬀect of diﬀerent detection thresholds. Mortality thresholds and the threshold for disease symptoms (not shown) are robust to changes
(c, d and e). The greatest uncertainty is in the number of cages containing dead birds
that trigger detection (b). If detection is triggered by deaths in just one cage then probability of undetected outbreaks at end of cycle and ﬂock infectiousness are signiﬁcantly
reduced due to faster detection. However, with only 100 sentinels, not all cages contain
sentinels and therefore outbreak duration can still rise with protection levels. Having
fewer cages containing only sentinels causes a similar problem (f).
Parameters that have negligible eﬀect are the probability of showing symptoms if
unvaccinated (pS ), the infectious period of vaccinated birds (Iv ), mean latent period,
background mortality rate (b), and infectiousness of airborne virus (μa ). Changes in the
threshold HI titre below which vaccination has no eﬀect (Ht ) is similar to changing the
fraction of protected birds. Changes in the mean (μH ) and standard deviation (σH ) HI
titre of a ﬂock will aﬀect both the fraction of birds with HI titre greater than Ht and the
ﬂock–protection level which changes Rcwithin .
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Parameter description
Flock and housing parameters
crow
number of cages in a row
number of cages in a column
ccol
n
number of birds per cage
b
daily background mortality
l
fraction faeces retained in cage
dispersal distance of infective faeces
zf
za
dispersal distance of airborne virus
Individual bird parameters
L
latent period
A
asymptomatic period
S
symptomatic period
s

susceptibility

H

antibody titre

Default value
or distribution

units

250
5
8
0.05%
1
1
1

cages
cages

48 + Binomial(48, 0.25)
24 + Binomial(24, 0.25)
Binomial(96,
0.05)
„
«
2
μ2
σs
s
2 , μs
σs

Gamma
„
μ2
Gamma σH
2 ,
H

infectiousness of virus excreted
in faeces in one hour
infectiousness of airborne virus
Ea
excreted in one hour hour
Virus parameters
mean susceptibility
μs
σs
standard deviation of susceptibility
probability of showing
pS
symptoms if unvaccinated
mean infectiousness of virus excreted
μf
in faeces in one hour
mean infectiousness of airborne virus
μa
excreted in one hour hour
d
percentage reduction in
faeces infectiousness per hour
Vaccine and vaccination parameters
Ht
antibody titre below which
vaccine has no eﬀect
average antibody titre
μH
σH
standard deviation of antibody titre
aV
rate of decrease of virus
excretion with antibody titre
rate of decrease of susceptibility
aP
with antibody titre
rate of decrease of chance of
aS
symptoms or death with antibody titre
maximum infectious period
Iv
of vaccinated birds
Detection threshold parameters
times per day birds are checked
De
daily mortality threshold
Dd
Dw
weekly mortality threshold
Ds
symptoms threshold
fraction of birds dead in a cage
Dp
Dc
fraction of cages with dead > Dp n

2
σH
μH

hours
hours
hours

Reference

11
11
11

«

Ef

Normal(μf , 0.25μf )
Normal(μa , 0.25μa )
1
0.1
0.8
0.1
8,9

0.01
5%

9

1
75
65

2
2

∞
∞
∞
168
2
0.5%
3%
5%
50%
1%

hours
10
12

Supplementary Table 1: Model parameters and their default values

Supplementary Figure 1: Variation in ﬂock structure and housing conditions.
Eﬀect on probability of an outbreak for no or 100 sentinels (solid blue line, left–hand column), probability of undetected outbreaks for no sentinels (dashed blue line, left–hand
column) and 100 sentinels (dashed magenta line, left–hand column) against fraction of
birds protected. Probability of undetected outbreak at end of production cycle, weighted
by the probability of outbreak (middle column, blue line: no sentinels, magenta line: 100
sentinels). Mean ﬂock infectiousness during the production cycle weighted by the probability of outbreak and relative to an unvaccinated ﬂock with no sentinels using default
parameters (right–hand column, dashed blue line: no sentinels, dashed magenta line: 100
sentinels) a, Default parameters as given in Supplmentary Table 1. b, 1,000 birds in 125
cages with 8 birds per cage. c, 10,000 birds in 125 cages with 80 birds per cage. d, 1,000
ﬂoor–reared birds. e, 10,000 ﬂoor reared birds. f, Spread of faeces and airborne virus up
to 10 cages away in a 1,250 cage system with 8 birds per cage. Fraction of birds protected
is varied from 0 to 1 in steps of 0.02, and variables are averaged over 1,000 simulated
incursions of contaminated faeces into a single cage.

Supplementary Figure 2: Variation in R0within and Rcwithin . a, Default parameters
as given in Supplmentary Table 1. b, 90% of infective faeces lost through cage ﬂoor,
compared to none. c, 10 times lower mean susceptibility or, equivalently, infectiousness
of faeces and airborne virus. d, Faster decay of faeces’ infectiousness, modelling drying
of faeces within 2 days instead of a week. e, An imperfect vaccine that causes a 100–fold
reduction in susceptibility, infectiousness, symptoms and dieing at a HI titre of 1:40. f,
An imperfect vaccine that causes a 10, 000–fold reduction in susceptibility, infectiousness,
symptoms and dieing at a HI titre of 1:40.

Supplementary Figure 3: Variation in detection parameters. a, Default parameters
as given in Supplmentary Table 1. b, Just one cage containing 50% dead birds needed
to trigger detection. c, Daily mortality detection threshold halved. d, Weekly mortality
detection threshold halved. e, Fraction of dead birds in a cage needed to trigger detection
reduced to 40%. f, 13 randomly chosen cages each containing 8 sentinels compared
with 100 cages each containing 1 sentinel (see Fig. 1d in paper).

