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Cholera



19th c. cholera epidemics in London

evolution of new cholera strains appears to be facilitated
by horizontal gene transfer among strains in different
serogroups ([17]; see the electronic supplementary
material). This mechanism might also account for the

invasion of antigenically novel strains in the nineteenth
century. Cyclical replacement of the predominant cho-
lera serotype has also been observed [18], and may be
relevant for London cholera.
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Figure 1. Weekly London cholera deaths from 1824 to 1901. (a) Weekly cholera deaths versus time and (b) cholera deaths
versus time of year.
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Figure 2. Weekly cholera deaths, normalized by all-cause mortality and plotted against time of year. Open circles correspond to
Bills of Mortality data (years prior to 1842), filled circles to Registrar General data (1842 onwards). Filled light blue circles, 1832
herald; solid light blue line, 1832 summer; filled red circles, 1848 herald; solid red line, 1849 summer; filled dark blue circles, 1853
herald; solid dark blue line, 1854 summer; solid green line, 1866 summer.
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19th c. cholera epidemics in London

Observations:

I 4 cholera pandemics in the 19th century

I 3/4 were preceded by an out-of-season “Herald Wave”

Hypothesis:

I New strain invaded out-of-season

I Major wave occured in the summer following

I In 1866, new strain happenned to appear in the summer

Mechanistic plausibility:

I Can a sensible dynamical model capture the hypothesized
process and the observed two-wave pattern?

Tien, Poinar, Fisman, Earn 2011, J. R. Soc. Interface 8:756–760

https://davidearn.mcmaster.ca/publications/TienEtAl2011


SIWR waterborne pathogen model

1508 Tien and Earn

parameter determining when the two transmission pathways can be well approximated
by a single pathway, and consider potential pitfalls of neglecting person–water–person
transmission when pathogen dynamics in the water are slow.

The remainder of this paper is organized as follows. Section 2 presents the SIWR
model equations. Analytical results for the model are given in Section 3. Section 4 com-
pares the SIWR and SIR models both numerically, and through a fast-slow analysis of the
SIWR model. We conclude with a discussion in Section 5.

2. SIWR model equations

Figure 1 shows the flow diagram for the basic model we will analyze. A very similar
flow diagram was presented in Eisenberg et al. (2002), and analyzed as a Markov chain
model in Eisenberg et al. (2003). The treatment in this paper will be as a compartmental
ODE model, similar to the classic SIR framework. The model consists of the standard
SIR model under the assumption of constant population size (Anderson and May, 1991),
together with a compartment W that measures pathogen concentration in a water source.
Susceptible individuals become infected either by contact with infected individuals or
through contact with contaminated water. Infected individuals can in turn contaminate
the water compartment by shedding the pathogen into W . An infected individual thus
generates secondary infections in two ways: through direct contact with susceptible indi-
viduals, and by first shedding the pathogen into the water compartment, which susceptible
individuals subsequently come into contact with. The corresponding model equations are

Ṡ = μN − bWWS − bISI − μS,

İ = bWWS + bISI − γ I − μI,

Ẇ = αI − ξW,

Ṙ = γ I − μR.

(1)

As in the SIR model, the Ṙ equation can be eliminated from the system.
Parameters bW ,bI are the transmission rate parameters for water-to-person and person-

to-person contact, respectively. The birth and non-disease-related death rate is given by μ.
The mean infectious period is given by 1/γ . The pathogen shedding rate from infected in-
dividuals into the water compartment is given by α, and ξ gives the decay rate of pathogen
in the water. Tables 1 and 2 summarize the model variables and parameters.

Fig. 1 Flow diagram for the SIWR model (1). See Tables 1–2.Tien & Earn 2010, Bull. Math. Biol. 72:1506–1533

https://davidearn.mcmaster.ca/publications/TienEarn2010


New strain =⇒ herald wave before main in-season wave

We used a simple mathematical model to verify
theoretically that a non-summer introduction of a new
cholera strain can result in a herald wave followed by
a severe outbreak in the summer. The model extends
the classical ‘susceptible–infectious–recovered’ (SIR)
framework to include a water compartment (W), with
transmission occurring through both person–person
and person–water–person pathways ([19]; see appendix
A for model equations).

As an example, figure 3 compares the London cholera
mortality time series from 1845 to 1852 (figure 3a) with
an SIWR simulation (figure 3b). Assuming the trans-
mission rate in the water varies seasonally (peaking in
the summer, as in figure 3c), simulated cholera time
series resemble the typical pattern in London, with
mild annual summer outbreaks (as in the period
1845–1848 in figure 3b). The arrow in figure 3b indi-
cates the time at which we introduced a new cholera
strain into the SIWR model (the end of September
1848). The population is completely susceptible to the
new strain, resulting in an initial outbreak when the
strain is introduced. However, owing to the season
[10], disease transmissibility is waning at the time of
introduction. Eventually transmission decreases past
the point where an outbreak can be sustained (and
the initial herald wave terminates), but the new cholera
strain persists at low levels in the water (figure 3d).

When transmissibility from the water rises again the
following summer, it triggers an unusually severe
epidemic owing to the large number of susceptible
individuals (simulation details given in appendix A).

While the strain invasion hypothesis is simple—and
appealing from the point of view of parsimony—many
other explanations are possible, including misdiagnosis
involving other diarrhoeal diseases. A direct test of
the strain invasion hypothesis would require genetic infor-
mation from the circulating cholera strains. Relevant
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Figure 3. Model simulations of London cholera, compared with observed cholera deaths. (a) Observed weekly deaths from 1845
to 1852. (b) Simulation results corresponding to endemic cholera, together with the introduction of a new cholera strain in late
September 1848 (arrow). (c) Seasonal variation in model disease transmission. (d) Simulated time courses of pathogen concen-
tration in the water source (W(t), in cells per millilitre) and individuals infected with the invading strain I(t). W(t) ¼ solid blue
curve, I(t) ¼ dashed black curve.

Table 1. Variables for system (A 1), together with initial
conditions used for simulations of endemic and introduced
London cholera (figure 3).

initial conditions

endemic introduced

S susceptible individuals 19 006 100 000
I infected individuals 3 0
R recovered individuals 80 991 0
W pathogen concentration in water

reservoir (cells ml 21)
610 14 000

D individuals who have died from
the disease

0 0

N total population size 100 000 100 000
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J. R. Soc. Interface (2011)

 on May 10, 2011rsif.royalsocietypublishing.orgDownloaded from 

Data

SIWR model

New
strain

Tien, Poinar, Fisman, Earn 2011, J. R. Soc. Interface 8:756–760

https://davidearn.mcmaster.ca/publications/TienEtAl2011


New strain =⇒ herald wave before main in-season wave

We used a simple mathematical model to verify
theoretically that a non-summer introduction of a new
cholera strain can result in a herald wave followed by
a severe outbreak in the summer. The model extends
the classical ‘susceptible–infectious–recovered’ (SIR)
framework to include a water compartment (W), with
transmission occurring through both person–person
and person–water–person pathways ([19]; see appendix
A for model equations).

As an example, figure 3 compares the London cholera
mortality time series from 1845 to 1852 (figure 3a) with
an SIWR simulation (figure 3b). Assuming the trans-
mission rate in the water varies seasonally (peaking in
the summer, as in figure 3c), simulated cholera time
series resemble the typical pattern in London, with
mild annual summer outbreaks (as in the period
1845–1848 in figure 3b). The arrow in figure 3b indi-
cates the time at which we introduced a new cholera
strain into the SIWR model (the end of September
1848). The population is completely susceptible to the
new strain, resulting in an initial outbreak when the
strain is introduced. However, owing to the season
[10], disease transmissibility is waning at the time of
introduction. Eventually transmission decreases past
the point where an outbreak can be sustained (and
the initial herald wave terminates), but the new cholera
strain persists at low levels in the water (figure 3d).

When transmissibility from the water rises again the
following summer, it triggers an unusually severe
epidemic owing to the large number of susceptible
individuals (simulation details given in appendix A).

While the strain invasion hypothesis is simple—and
appealing from the point of view of parsimony—many
other explanations are possible, including misdiagnosis
involving other diarrhoeal diseases. A direct test of
the strain invasion hypothesis would require genetic infor-
mation from the circulating cholera strains. Relevant

1 
+ 

re
co

rd
ed

 w
ee

kl
y 

de
at

hs

1845 1847 1849 1851

si
m

ul
at

ed
 w

ee
kl

y 
de

at
hs

101

101

102

103

104

105

0.0005

0.0015

0.0025

102

103

101

102

103

(a) (c)

(b) (d)

b W
(t)

a
/x

W
(t

), 
I(

t)

1849 July 1850

Figure 3. Model simulations of London cholera, compared with observed cholera deaths. (a) Observed weekly deaths from 1845
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Influenza



102 years ago in Ontario

0

100

200

300

400
Ja

n 
19

18
Fe

b 
19

18
M

ar
 1

91
8

Apr
 1

91
8

M
ay

 1
91

8
Ju

n 
19

18
Ju

l 1
91

8
Au

g 
19

18
Sep

 1
91

8
O

ct
 1

91
8

Nov
 1

91
8

Dec
 1

91
8

Ja
n 

19
19

Fe
b 

19
19

M
ar

 1
91

9
Apr

 1
91

9
M

ay
 1

91
9

D
ai

ly
 n

um
be

r 
of

 d
ea

th
s

Earn 2018, “How many people died from influenza in 1918?”
In: Defining Moments Canada, ed. J. Lorinc
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The 1918–1919 Influenza Pandemic in Ontario
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All causes

Pneumonia & Influenza

Influenza

1918 population: 2.8× 106 Earn 2018, “How many people died from influenza in 1918?”
Max P&I per 105/day: 11.7 In: Defining Moments Canada, ed. J. Lorinc

https://davidearn.mcmaster.ca/publications/Earn2018
https://definingmomentscanada.ca/


Pneumonia & Influenza Mortality, Philadelphia USA, 1918
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Pneumonia & Influenza Mortality, London England, 1918
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Why were there
three distinct waves

in 1918–19?



The SIR model
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The SIR model

S I R
βSI γI

Transmission Recovery

Susceptible Infectious Removed

dS

dt
= −βSI

dI

dt
= βSI − γI

dR

dt
= γI

I Parameters:
I Transmission rate β

I Recovery rate γ



The SIR model

S I R
βSI γI

Transmission Recovery

Susceptible Infectious Removed

dS

dt
= −βSI

dI

dt
= βSI − γI

dR

dt
= γI

I Derived Parameters:
I Initial growth rate β − γ
I Mean infectious period 1

γ

I Basic Reproduction Number

R0 =
β

γ



The SIR model: Effects of Control Measures

I If a proportion (p) of the population is protected from
infection (e.g., social distancing, vaccine, . . . ) then the
“effective R0” is R0(1− p).

I ∴ An epidemic will be prevented if R0(1− p) < 1, i.e.,

p > pcrit = 1− 1

R0

I For flu, R0 ' 1.5–2 =⇒ pcrit ' 33–50%.

I For COVID-19, R0 ' 3–6 =⇒ pcrit ' 67–83%.



The SIR model: expected final size (without interventions)

I Final size Z (final
proportion infected) is
determined entirely
by R0:

Z = 1− e−R0Z

I Formula derived for
SIR model (Kermack
& McKendrick, 1927)
is valid for much
more realistic models
(Ma & Earn, 2006;
Miller 2012)
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I For 1918 flu: 1.5 . R0 . 2 =⇒
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infected ∼ 60–80%

I For COVID-19: R0 ' 3–6 =⇒
expected final size ∼ 94–99.7%

https://davidearn.mcmaster.ca/publications/MaEarn2006


Why were there three distinct waves in 1918–19?

I Use compartmental SIR framework as a starting point, but
include:
I Case Fatality Proportion (CFP, φ);
I Rate of decay of immunity (δ).

I Basic model predicts a single epidemic wave.

I Perhaps parameters are time-varying?
I time-varying transmission rate β(t) ?
I time-varying recovery rate γ(t) ?
I time-varying δ(t) or φ(t) ?

I Best model (judged by AICc) has:
I time-varying β with 12 cubic B-spline basis;
I constant γ and φ;
I permanent immunity (δ = 0).



Why were there three distinct waves in 1918–19?

Theor Ecol (2011) 4:283–288 285

It is also believed that the case fatality ratio, φ, might
have changed over the course of the 1918 pandemic,
with the highest levels occurring during the second peak
in incidence. Although this alone is unlikely to provide
an explanation for the occurrence of multiple waves, it
might nevertheless play an important role when fitting
the model to mortality data. Consequently, we consid-
ered two possibilities with respect to case mortality: (a)
φ time independent and (b) φ piecewise constant:

φ(t) =

⎧⎪⎨
⎪⎩

φ1, t ∈ [1918-Jun-07, 1918-Aug-30) ,

φ2, t ∈ [1918-Aug-30, 1919-Jan-15) ,

φ3, t ∈ [1919-Jan-15, 1919-Jun-07] .

(3)

We also explored other models: (a) the SEIRS model
includes an exposed class, (b) the SI3RS model uses
two extra infectious classes to create a more realistic
infectious period distribution and (c) the SId3RS model
has an explicit (three-stage) delay between recovery
and death. Models (b) and (c) use a succession of identi-
cal exponential transitions to create Erlang-distributed
residence times (Anderson and Watson 1980; Lloyd
2001).

Model fitting

We estimated parameters using maximum likelihood
and compared models using the sample-size-corrected
Akaike criterion (AICc; Akaike 1974; Burnham and
Anderson 2002; King et al. 2008; He et al. 2009). We

calculated likelihoods using sequential Monte Carlo
methods, also known as particle f ilters, where “parti-
cles” refer to samples of a distribution of an unobserved
variable and “filtering” means estimating the distrib-
ution at a given time based on “particles” available
up to that time (Doucet et al. 2001) We maximized
likelihoods via iterated filtering (i.e. solving a recursive
sequence of filtering problems), using the R package
POMP 0.16-9 (King et al. 2009) (technical parame-
ters: number of particles, 10,000; scale coefficient for
parameter modification, 2; time delay in initial condi-
tion, 52 weeks; cooling factor, 0.95). Observed mor-
tality was modelled as the sum of a baseline process,
b(t), reflecting estimated pneumonia deaths not due
to influenza, and estimated observed deaths from our
influenza model, z(t). Likelihoods were calculated us-
ing the negative binomial distribution, with a shape
parameter that we estimated; this is a standard method
for a Poisson process with over-dispersion (Bretó et al.
2008). We used the method of King et al. (2008) to cal-
culate 95% confidence intervals based on the likelihood
ratio test. For our model fits, we defined the pandemic
period to be the 52 weeks from 1 June 1918 through 30
May 1919.

Seasonal pneumonia

Following the standard approach (Serfling 1963; Mills
et al. 2004), we estimated influenza deaths by subtract-
ing a “Serfling baseline” (seasonal pneumonia deaths
presumed to have nothing to do with influenza) from

Fig. 1 Weekly P&I mortality
in London, England and the
reconstructed transmission
rate. The main panel shows
the reported weekly P&I
mortality in London, England
from 1911 to 1922 (black) and
the annual baseline of
pneumonia mortality (dark
green dashed curve; see
“Methods”). The inset panel
shows excess P&I mortality
from June 1918 to June 1919
(dotted blue), together with
our reconstructed
transmission rate in units of
reproduction number R0
(red). Note that we expect
disease incidence to increase
when the product of R0 and
the proportion susceptible
exceeds 1
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our reconstructed
transmission rate in units of
reproduction number R0
(red). Note that we expect
disease incidence to increase
when the product of R0 and
the proportion susceptible
exceeds 1
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⎧⎪⎨
⎪⎩

φ1, t ∈ [1918-Jun-07, 1918-Aug-30) ,

φ2, t ∈ [1918-Aug-30, 1919-Jan-15) ,

φ3, t ∈ [1919-Jan-15, 1919-Jun-07] .

(3)
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2001).

Model fitting
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Anderson 2002; King et al. 2008; He et al. 2009). We
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Table 1 Maximum likelihood estimates of parameters from the best-fit model (see Table 2)

Parameter Our estimates Our 95% CI Previous results (reference)

γ −1 (days) 4.68 (3.09, 7.09) 3 to 6 (Mills et al. 2004)
Overall R0 1.52 (1.18, 2.2) 1.3 to 1.9 (Chowell et al. 2008)
φ, CFR 0.0078 (0.0058, 0.0213) 0.02 (Mills et al. 2004)

the P&I mortality time series. Thus, we fit the annual
baseline function

b(t) = a0 + a1(t − t0) + a2 cos[2π(t − a3)] (4)

to P&I mortality observations for all weeks with <150
cases between June 1913 and May 1918 (using least
squares) and defined influenza deaths z(t) to be the
“excess” (i.e. total P&I deaths minus b(t)).

Results

Figure 1 summarizes our results. The main panel shows
the weekly pneumonia and influenza (P&I) mortality
data for London, England, from 1 January 1911 to 31
December 1921 (solid black) together with our fitted
Serfling baseline for this period (dashed green). Thus,
with the standard interpretation of the Serfling fit,
deaths attributable to influenza are represented by the
difference between the black and green curves. The

pandemic period (1 June 1918 to 31 May 1919) had
24,158 P&I deaths, 19,533 (81%) of which we attribute
to influenza. In contrast, in the years from 1911 to 1917,
there was an average of 6,621 P&I deaths per year
(1 June to 31 May), of which an average of 23% are
attributable to influenza according to our Serfling fit.

The inset panel of Fig. 1 shows excess P&I mortality
(blue) during the pandemic period, together with our
fitted time-varying transmission rate β(t) in units of re-
production number (red). The β(t) curve that we show
comes from the best model as judged by AICc, namely
the model with constant mean infectious period (1/γ ),
constant CFR (φ), permanent immunity (δ = 0) and 12
B-spline basis functions to represent β(t). Point esti-
mates and confidence intervals for 1/γ , φ and the over-
all (time-averaged) R0 are given in Table 1, which also
lists some previous estimates of these parameters from
different 1918 influenza data sets for comparison. For
several points on the plotted transmission rate curve,
95% confidence intervals are also shown. While the

Fig. 2 Excess P&I mortality,
realizations of the best model
and likelihood profiles for
four parameters. The top
panel a shows the observed
excess P&I mortality (blue, as
in Fig. 1), together with box
plots of 1,000 realizations of
the best model. Panel b shows
the AICc as a function of NB,
the number of B-spline basis
functions. Panels c–e show
likelihood profiles for 1/γ , φ

and R0 (with horizontal lines
that define the 95%
confidence intervals; see
“Methods”)
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squares) and defined influenza deaths z(t) to be the
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Serfling baseline for this period (dashed green). Thus,
with the standard interpretation of the Serfling fit,
deaths attributable to influenza are represented by the
difference between the black and green curves. The

pandemic period (1 June 1918 to 31 May 1919) had
24,158 P&I deaths, 19,533 (81%) of which we attribute
to influenza. In contrast, in the years from 1911 to 1917,
there was an average of 6,621 P&I deaths per year
(1 June to 31 May), of which an average of 23% are
attributable to influenza according to our Serfling fit.

The inset panel of Fig. 1 shows excess P&I mortality
(blue) during the pandemic period, together with our
fitted time-varying transmission rate β(t) in units of re-
production number (red). The β(t) curve that we show
comes from the best model as judged by AICc, namely
the model with constant mean infectious period (1/γ ),
constant CFR (φ), permanent immunity (δ = 0) and 12
B-spline basis functions to represent β(t). Point esti-
mates and confidence intervals for 1/γ , φ and the over-
all (time-averaged) R0 are given in Table 1, which also
lists some previous estimates of these parameters from
different 1918 influenza data sets for comparison. For
several points on the plotted transmission rate curve,
95% confidence intervals are also shown. While the

Fig. 2 Excess P&I mortality,
realizations of the best model
and likelihood profiles for
four parameters. The top
panel a shows the observed
excess P&I mortality (blue, as
in Fig. 1), together with box
plots of 1,000 realizations of
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that define the 95%
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baseline function

b(t) = a0 + a1(t − t0) + a2 cos[2π(t − a3)] (4)

to P&I mortality observations for all weeks with <150
cases between June 1913 and May 1918 (using least
squares) and defined influenza deaths z(t) to be the
“excess” (i.e. total P&I deaths minus b(t)).

Results

Figure 1 summarizes our results. The main panel shows
the weekly pneumonia and influenza (P&I) mortality
data for London, England, from 1 January 1911 to 31
December 1921 (solid black) together with our fitted
Serfling baseline for this period (dashed green). Thus,
with the standard interpretation of the Serfling fit,
deaths attributable to influenza are represented by the
difference between the black and green curves. The

pandemic period (1 June 1918 to 31 May 1919) had
24,158 P&I deaths, 19,533 (81%) of which we attribute
to influenza. In contrast, in the years from 1911 to 1917,
there was an average of 6,621 P&I deaths per year
(1 June to 31 May), of which an average of 23% are
attributable to influenza according to our Serfling fit.

The inset panel of Fig. 1 shows excess P&I mortality
(blue) during the pandemic period, together with our
fitted time-varying transmission rate β(t) in units of re-
production number (red). The β(t) curve that we show
comes from the best model as judged by AICc, namely
the model with constant mean infectious period (1/γ ),
constant CFR (φ), permanent immunity (δ = 0) and 12
B-spline basis functions to represent β(t). Point esti-
mates and confidence intervals for 1/γ , φ and the over-
all (time-averaged) R0 are given in Table 1, which also
lists some previous estimates of these parameters from
different 1918 influenza data sets for comparison. For
several points on the plotted transmission rate curve,
95% confidence intervals are also shown. While the

Fig. 2 Excess P&I mortality,
realizations of the best model
and likelihood profiles for
four parameters. The top
panel a shows the observed
excess P&I mortality (blue, as
in Fig. 1), together with box
plots of 1,000 realizations of
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the P&I mortality time series. Thus, we fit the annual
baseline function

b(t) = a0 + a1(t − t0) + a2 cos[2π(t − a3)] (4)

to P&I mortality observations for all weeks with <150
cases between June 1913 and May 1918 (using least
squares) and defined influenza deaths z(t) to be the
“excess” (i.e. total P&I deaths minus b(t)).

Results

Figure 1 summarizes our results. The main panel shows
the weekly pneumonia and influenza (P&I) mortality
data for London, England, from 1 January 1911 to 31
December 1921 (solid black) together with our fitted
Serfling baseline for this period (dashed green). Thus,
with the standard interpretation of the Serfling fit,
deaths attributable to influenza are represented by the
difference between the black and green curves. The

pandemic period (1 June 1918 to 31 May 1919) had
24,158 P&I deaths, 19,533 (81%) of which we attribute
to influenza. In contrast, in the years from 1911 to 1917,
there was an average of 6,621 P&I deaths per year
(1 June to 31 May), of which an average of 23% are
attributable to influenza according to our Serfling fit.

The inset panel of Fig. 1 shows excess P&I mortality
(blue) during the pandemic period, together with our
fitted time-varying transmission rate β(t) in units of re-
production number (red). The β(t) curve that we show
comes from the best model as judged by AICc, namely
the model with constant mean infectious period (1/γ ),
constant CFR (φ), permanent immunity (δ = 0) and 12
B-spline basis functions to represent β(t). Point esti-
mates and confidence intervals for 1/γ , φ and the over-
all (time-averaged) R0 are given in Table 1, which also
lists some previous estimates of these parameters from
different 1918 influenza data sets for comparison. For
several points on the plotted transmission rate curve,
95% confidence intervals are also shown. While the

Fig. 2 Excess P&I mortality,
realizations of the best model
and likelihood profiles for
four parameters. The top
panel a shows the observed
excess P&I mortality (blue, as
in Fig. 1), together with box
plots of 1,000 realizations of
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the AICc as a function of NB,
the number of B-spline basis
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that define the 95%
confidence intervals; see
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the P&I mortality time series. Thus, we fit the annual
baseline function

b(t) = a0 + a1(t − t0) + a2 cos[2π(t − a3)] (4)

to P&I mortality observations for all weeks with <150
cases between June 1913 and May 1918 (using least
squares) and defined influenza deaths z(t) to be the
“excess” (i.e. total P&I deaths minus b(t)).

Results

Figure 1 summarizes our results. The main panel shows
the weekly pneumonia and influenza (P&I) mortality
data for London, England, from 1 January 1911 to 31
December 1921 (solid black) together with our fitted
Serfling baseline for this period (dashed green). Thus,
with the standard interpretation of the Serfling fit,
deaths attributable to influenza are represented by the
difference between the black and green curves. The

pandemic period (1 June 1918 to 31 May 1919) had
24,158 P&I deaths, 19,533 (81%) of which we attribute
to influenza. In contrast, in the years from 1911 to 1917,
there was an average of 6,621 P&I deaths per year
(1 June to 31 May), of which an average of 23% are
attributable to influenza according to our Serfling fit.

The inset panel of Fig. 1 shows excess P&I mortality
(blue) during the pandemic period, together with our
fitted time-varying transmission rate β(t) in units of re-
production number (red). The β(t) curve that we show
comes from the best model as judged by AICc, namely
the model with constant mean infectious period (1/γ ),
constant CFR (φ), permanent immunity (δ = 0) and 12
B-spline basis functions to represent β(t). Point esti-
mates and confidence intervals for 1/γ , φ and the over-
all (time-averaged) R0 are given in Table 1, which also
lists some previous estimates of these parameters from
different 1918 influenza data sets for comparison. For
several points on the plotted transmission rate curve,
95% confidence intervals are also shown. While the

Fig. 2 Excess P&I mortality,
realizations of the best model
and likelihood profiles for
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Why were there three distinct waves in 1918–19?

What explains time-varying
transmission rate β(t)?



What caused the three distinct waves in 1918–19?

Several previous studies have taken a mechanistic

approach to the 1918 pandemic. Mathews et al. [16] made a

number of different hypotheses, fit associated mechanistic

models to survey data from 12 localities in the UK, and

explained multiple waves using waning of immunity derived

from prior exposure. Bootsma & Ferguson [17] focused on

two waves of influenza mortality in 1918 in 16 US cities;

their results suggested that transmission rate variations

owing to public health measures and individual behavioural

responses to high mortality could have caused the autumn

and winter waves in the USA. Chowell et al. [5] studied the

two waves of influenza notifications in Geneva, Switzerland,

and used a two-strain model to explain multiple waves.

Influenza wave studies outside the context of the 1918 pan-

demic include Camacho et al.’s [18] study of two waves of

influenza-like-illness cases in a period of two months on a

tiny island (with 284 inhabitants) in 1971 and Matrajt &

Longini’s [19] investigation of the 2009 pandemic in the UK

and USA.

Our group recently [20] fit mechanistic models to mor-

tality data from the 1918 influenza pandemic in London,

UK, and compared seven different dynamical mechanisms

that might account for multiple waves. We found that tem-

poral changes in the transmission rate provide the most

plausible explanation. Here, we attempt to identify the

most plausible biological, social or environmental processes

that could account for temporal changes in transmission

rate in 1918. The processes we consider are as follows.

— Schools opening and closing. It has been found that closing

schools for summer vacations had a large effect on structur-

ing the 2009 influenza pandemic in the Northern
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Figure 1. Three pandemic waves swept the UK during 1918 – 1919. The 334 administrative units that we studied within England and Wales are marked on the map
(a); the largest 12 cities are identified by name and with solid (red) dots (the size of which indicate the population size rank of the city). The intensity plot (b)
shows the spatio-temporal pattern of the pandemic throughout the country (which we divided into 150 latitudinal bins). Panel (c) on the top right shows the daily
central England temperature (CET in 8C) and weekly influenza mortality in London (in hundreds). (Online version in colour.)He, Dushoff, Day, Ma, Earn 2013, Proc. R. Soc. B 280:20131345
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shows the spatio-temporal pattern of the pandemic throughout the country (which we divided into 150 latitudinal bins). Panel (c) on the top right shows the daily
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What caused the three distinct waves in 1918–19?

Several previous studies have taken a mechanistic

approach to the 1918 pandemic. Mathews et al. [16] made a

number of different hypotheses, fit associated mechanistic

models to survey data from 12 localities in the UK, and

explained multiple waves using waning of immunity derived

from prior exposure. Bootsma & Ferguson [17] focused on

two waves of influenza mortality in 1918 in 16 US cities;

their results suggested that transmission rate variations

owing to public health measures and individual behavioural

responses to high mortality could have caused the autumn

and winter waves in the USA. Chowell et al. [5] studied the

two waves of influenza notifications in Geneva, Switzerland,

and used a two-strain model to explain multiple waves.

Influenza wave studies outside the context of the 1918 pan-

demic include Camacho et al.’s [18] study of two waves of

influenza-like-illness cases in a period of two months on a

tiny island (with 284 inhabitants) in 1971 and Matrajt &

Longini’s [19] investigation of the 2009 pandemic in the UK

and USA.

Our group recently [20] fit mechanistic models to mor-

tality data from the 1918 influenza pandemic in London,

UK, and compared seven different dynamical mechanisms

that might account for multiple waves. We found that tem-

poral changes in the transmission rate provide the most

plausible explanation. Here, we attempt to identify the

most plausible biological, social or environmental processes

that could account for temporal changes in transmission

rate in 1918. The processes we consider are as follows.

— Schools opening and closing. It has been found that closing

schools for summer vacations had a large effect on structur-

ing the 2009 influenza pandemic in the Northern
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Expand SIR model

dS/dt = −βSI Susceptible

dI/dt = βSI − γI Infectious

dR/dt = (1− φ)γI Recovered

dD/dt = φγI − gD Not infectious, will die

dM/dt = gD Died of influenza

dP/dt = gD − λP Public perception of risk

1/g = mean time from loss of infectiousness to death
1/λ = mean duration of impact of deaths on public perception

Mechanistic basis of transmission rate variation:

β(t,P) = β0︸︷︷︸
Baseline

·
[
e−ξT (t)

]︸ ︷︷ ︸
Weather

·
[
1 + αH(t)

]︸ ︷︷ ︸
School

·
[
1− P(t)

]κ︸ ︷︷ ︸
Behaviour
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4. Discussion
Disentangling the interactions of causal factors underlying pat-

terns of spread in historical epidemics is a difficult problem, in

part due to data limitations. Here, we have used a mechanistic

transmission model and likelihood-based inference to investi-

gate factors underlying the three-wave shape of the 1918

influenza epidemic in England and Wales. Building on our
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Figure 2. Histograms of (a) DAICc (no behavioural response), (b) DAICc (no response to school holidays), (c) DAICc (no response to temperature) for the 50 largest
administrative units in England and Wales. A similar figure for all 334 administrative units is given in the electronic supplementary material. (Online version
in colour.)
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Figure 3. Simulations compared with observed weekly mortality in 1918. We show: the best model, forced by three factors (human behavioural response, school
terms and temperature); a model with no behavioural effects; a model with no school terms and a model with no temperature effects. With estimated parameter
values for each model, 1000 simulations were generated (1000 � 46 weekly data points) and displayed using box-plots (one box-plot for each week), compared
with observed weekly influenza mortality (46 weeks, solid (red) curve). The three rows show results for three UK cities. The four columns show the four types of
model. (Online version in colour.)
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4. Discussion
Disentangling the interactions of causal factors underlying pat-

terns of spread in historical epidemics is a difficult problem, in

part due to data limitations. Here, we have used a mechanistic

transmission model and likelihood-based inference to investi-

gate factors underlying the three-wave shape of the 1918

influenza epidemic in England and Wales. Building on our

ΔAICc
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0.08

pr
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(a) (b) (c)

Figure 2. Histograms of (a) DAICc (no behavioural response), (b) DAICc (no response to school holidays), (c) DAICc (no response to temperature) for the 50 largest
administrative units in England and Wales. A similar figure for all 334 administrative units is given in the electronic supplementary material. (Online version
in colour.)

●●
●●●●
●

●
●

●

●
●●
●●

●

●
●

●

●

●●

●

●●

●

●

●

●●

●

●

●

●

●
●

●●

●●●●

●

●●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●●

●

●
●●

●
●
●●

●

●●

●●●●●

●
●●●●●●●

●●●●●●●

●

●●●●●●

●

●●●●

●

●

●●●●●●

●

●

●

●●

●
●●

●

●●●

●

●
●

●

●●●●
●●

●●

●●
●●
●

●

●

●

●
●

●
●

●

●

●

●

●

●
●

●

●

●
●
●
●

●

●

●

●

●

●

●

●

●

●●
●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

● ●
●●
●

●

●●●●
●

●
●

●

●

●

●

●●

●
●

●●

●●
●●●

●

●

●●●

●

●●

●

●

●●●●

●●

●●●
●
●●●

●

●

●
●
●
●●

●●

●

●

●●
●
●●●●●

●
●●●●

●●

●

●●

●

●●●●●

●
●●

●

●
●●

●

●

●●●●

●

●

●
●●●●

●

●●

●

●
●

●

●

●

●

●

●

●

●●

●
●●

●

●
●

●●●●●

●

●
●●

●

●

●

●

●

●●●●●
●
●
●

●

●

●

●●●

●

●

●●

●

●●
●

●

●

●

●

●

●●●●●●●

●

●

●
●

●
●

●●●●●●●●

●

●
●

●●●●●
●●●
●

●

●

●

●●

●

●●0

10

20

30

40

50

60

w
ee

kl
y 

fl
u 

de
at

h
w

ee
kl

y 
fl

u 
de

at
h

w
ee

kl
y 

fl
u 

de
at

h

L
on

do
n

best

●

●

●
●

●

●●

●
●

●
●●
●

●
●

●
●

●

●

●●

●

●

●
●

●

●
●
●

●

●

●

●

●

●
●

●

●●●

●●

●

●

●

●
●

●

●
●
●

●●
●

●

●

●

●

●●
●

●

●

●

●
●

●

●
●

●
●

●

●
●

●

●

●
● ●

●

●

●

●
●●

●
●

●

●

●●

●●

●
●●●
●●

●
● ●

●●
●
●
●

●

●●

●

●

●●

●

●

●●

●

●●●●
●●

●
●

●

● ●●●

●

●●
●

●
●
●

●

●

●

●

●●
●
●
●
●
●

●●

●
●

●
●●
●●

●
●

●

●
●
●
●●
●
●

●
●
●

●●

●●

●

●●●●

●

●
●
●●

●●●

●

●
●●

●●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●

●

●

●

●

●

●

●
●
●
●

●

●
●
●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●
●

●

●

●

●
●

●

●
●
●

●

●

●

●●

●

●

●
●●●
●

●

●

●

●

●

●●

●

●

●

●

●●●

●

●●

●

●

●

●

●

●

●
●

●

●

●●●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●
●
●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●●
●●
●

●

●●

●
●
●

●

●
●

●

●
●

●

●

●

●

●●●

●●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●
●

●

●

●

●
●

●

●

●●

●

●

●

●●
●

●

●

●

●

●
●●
●

●

●
●
●

●
●

●
●

●

●●

●

●

●

●
●

●

●●●

●

●●●

●

●
●●

●

●

●

●●

●

●
●
●

●

●

●

●●

●

●●●

●

●●●
●

●

●

no behaviour

●●

●

●

●

●●
●

●
●●

●●●●
●

●

●●

●●
●

●

●

●

●

●●●●

●●
●

●
●

●

●

●●●●
●

●

●

●

●
●●●

●
●
●●

●

●

●
●●

●

●

●●●

●
●
●●

●

●
●

●

●

●

●●

●

●●●

●●

●
●●

●●

●

●

●
●
●

● ●

●●●
●

●

● ●

●

●●

●

●
●●●●
●

●

●●
●
●●●

●

●●

●

●
●
●●●

●●●

●●

●

●

●

●

●

●

●
●

●

●●

●

●

●●

●

●

●

●
●

●

●
●
●

●

●● ●

●
●
●

●

●

●

●
●

●

●●
●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●●●

●

●

●

●●

●

●
●

●

●

●
●

●●

●
●●
●●●

●●

●
●
●

●

●●

●●

●

●

●

●●●●●●●●

●

●●

●
●
●
●
●

●

●●●●●
●
●●●
●
●

●
●

●

●

●
●●
●
●
●●●

●

●

●

●

●
●●

●

●
●

●

●

●

●●

●

●

●

●
●

●
●
●

●
●

●
●

●

●

●●
●

●
●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●
●
●

●●
●●

●

●●

●

●●●●●
●●

●

●

●
●●

●

●●

●

●●
●●●●●
●●

●●

●

●
●

●●●●

●

●●

●

●

●

●●●●
●●
●

●

●

●

●

●

●●●
●
●●●●

●●
●●
●●

no school

●
●●
●●
●●●

●

●

●
●

●

●

●
●●

●●●●●

●

●
●

●●

●
●

●

●
●

●

●

●
●
●●●●
●

●
●
●

●
●
●
●●

●
●●●●●●
●●

●●●●●

●●

●
●●●
●●●

●

●●
●

●●●●●●●●

●

●●●●●

●
●

●

●

●●

● ●
●
●
●

●●●●

●

●

●

●●●●●

●

●

●●

●●

●●●●●
●
●

●

●
●
●

●
●●
●

●

●

●●
●

●
●
●

●●
●
●

●

●

●

●
●●●

●

●

●

●●
●

●

●

●

●
●
●

●

●

●
●

●

●

●

●

●

●
●

●
●

●

●

●●
●●

●

●

●

●

●

●●●

●

●

●

●

●

●●
●

●

●

●

●●

●

●
●
●●
●

●●

●

●

●

●

●

●●●

●
●

●
●●
●
●
●●●

●●●

●
●●

●
●

●

●●●●

●
●
●
●

●
●
●

●
●

●

●

●
●●

●

●
●●●●●●
●

●

●

●●

●●

●●●●

●

●●

●●●
●●●●
●

●

●●
●●

●

●●
●

●

●●●
●●

●

●●

●

●
●●●

●

●
●●

●●
●

●

●

●

●

●

●

●
●

●

●
●

●

●●

●

●●●●

●

●
●

●

●

●

●

●

●

●

●

●
●●
●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●●

●

●

●● ●

●

●

●●
●

●●
●

●

●

●●●
●

●

no weather

●

●●●●
●
●●●●

●

●

●

●

●●● ●
●

●

●

●●

●

●●

●

●

●

●●

●

●

●●
●
●

●
●

●●●

●
●●
●

●●

●

●

●

●●

●●●

●

●

● ● ● ●●●●●
●●●
●

●

●●●●●

●

●●●●●●●●●●●●●● ●

●●

●

●●

●

●

●●●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●
●

●

●●
●

●

●
●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●●
●

●●

●

●●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●●

●
●●

●

●

●

●

●
●

●
●●

●

●

●

●

●

●
●●

●

●●

●

●●●
●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●●●●●●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●
●

●

●
●

●

●
●●

●
●

●

●●

●●

●

●

●

●

●

●

●

●

●

●●●

●

●●

●

●

●

●●●●

●

●

●●●

●●●●●●●●●●●●●●

●

●●●

●

●●●●●●●●●●●●●●●●●●●●●●

●●●

●

●

●

●

●●

●●

●

●●●●

●

●

●

●●●

●

●●

●

●

●

●

●●●
●●

●
●

●

●

●

●●

●

●

●●

●

●

●

●

●

●●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●●

●

●
●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●●

●

●●

●
●
●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●●

●

●

●●
●●
●

●

●●

●

●
●
●

●●

●

●●
●

●

●●
●●●●
●

●
●

●

●

●

●

●

●

●
●●
●

●

●

●
●

●●●

●

●●
●
●●
●●
●

●

●

●●

●

●●
●●
●●●

●

●
●

●
●

●

●

●

●

0

5

10

15

20

25

B
ir

m
in

gh
am ●

●

●

●●

●

●

●

●
●
●●●
●

●

●

●

●
●●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●
●

●

●

●

●

●

●

●

●
●

●
●●

●

●

●

●

●
●

●

●●

●●

●●

●

●
●

●

●

●●

●

●
●
●●
●

●●

●

●

●

●●
●

●
●

●
●
●

●●● ●●●●
●

●

●

●
●

●●

●

●

●

●●

●

●

●

●●

●

●

●

●
●●
●

●

●

●

●

●

●●

●

●●
●

●

●

●

●

●
●

●

●
●
● ●

●

●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●

●

●
●

●●

●

●

●

●

●
●

●●

●●

●

●

●

●
●

●●●
●

●
●

●

●●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●●

●

●

●

●
●●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●
●

●

●

●
●
●
●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●
●
●●

●

●

●●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●
●

●

●●●

●

●

●

●●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●●
●

●
●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●
●

●

●

●

●
●

●

●

●

●
●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●●
●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●●

●

●

●●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●●

●

●

●

●

●●

●

●

●

●

●

●

●

●●

●

●

●●
●

●

●
●

●
●
●

●

●

●
●
●
●●

●

●●●
●

●

●●

●●

●

●

●●

●

●
●

●
●

●

●

●
●

●●

●●

● ●●

●

●●

●●●

●

●●

●●●

●
●
●
●

●

●

●●

●●

●

●●

●

●

●

●

●●

●

●●

●

●●

●

●

●

●●●●●●

●
●●

●●

●
●

●●

●

●

●●●●●

●

●●

●

●●●●●●

●

●●●●●●●●●●●●●

●

●●

●●

●●●●●●●●●●●●

●

●

●

●

●●●

●

●

●

●●●

●

●

●

●

●●●

●●

●●
●●

●
●●
●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●●

●
●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●
●

●

●
●

●

●

●
●

●

●

●

●

●

●
●
●●

●

●

●
●●●
●

●

●

●

●

●

●

●

●●

●

●●
●●

●

●●

●

●
●

●

●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●

●

●●●●●●●●●●●●

●

●●●●●●●●●●

●

●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●

●

●

●

●
●

●
●

●

●

●
●●

●

●●

●●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

● ●
●

●

●●●●●●●●●●●●●●●

●●

●
●

●

●
●●

●

●

●●

●

●

●

●●●

●●

●

● ●

●
●
●
●

●

●●

●●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●●●

●

●

●

●
●

●

●●
●

●

●

●

●

●●

●

●●●●●●

●

●

●●●

●●

●●

●●●●●●●●●● ●●●●●●●●●●●●●●

●

●●●●●

●

●●●●●●

●

●●●

●
●

●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●●●●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●
●
●●●
●

●
●●●

●
●
●●
●
●
●
●●

●

●

●

●●●●

●

●●

●

●

●

●
●●●
●●●
●
●
●
●

●

●
●
●●●●●●

●
●●●

●

●

●
●

●●

●
●
●●
●
●●

●
●●

●

●
●

●

●
●
●

●

●
●
●

●●

●●

●●

●
●

●
●
●●

●
●
●●●●
●
●●●●●

●
●
●

●
●
●

●

●
●

●

●
●
●●●

●

●●●

●
●

●
●
●
●
●

●

●
●
●
●●

●

●
●
●●●●●
●●
●●
●

●

●
●
●●
●
●●
●
●●●
●
●

●
●
●●
●●
●
●
●●

●

●
●●

●

●
●●
●●

●
●
●
●
●
●
●

●

●●

●
●
●●

●

●●●●●●●

●

●
●

●

●●
●●
●
●
●

●
●●●
●
●
●●●●●
●
●●

●●

●●●
●
●●
●
●
●●
●
●
●

●
●●
●●
●

●

●

●
●

●●●

●

●
●
●
●

●●●●
●●
●
●●
●

●●●●●

●

●●●

●

●
●

●
●
●

●

●●●

●●

●●

●●

●
●●●
●
●●●
●

●

●●

●●
●
●

●● ●●
●●

●

●●
●
●
●●

●

●●●
●
●
●
●
●
●●●

●

●
●●
●●●●●●
●●
●
●
●

●
●
●

●
●●
●
●
●

●
●
●
●
●●●●
●
●●

●

●
●
●●●●

●●
●
●●
●
●

●

●
●
●
●
●

●

●

●

●●

●

●●

●

●●●●●

●

●

●
●
●

●

●
●
●
●
●
●

●

●
●
●

●

●●●
●
●
●

●●●●

●

●●

●
●

●●

●

●
●●●●
●

●

●

●
●
●

●
●
●
●
●

●

●●

●

●
●

●
●●
●●●
●●

●

●●
●
●

●●
●

●

●
●
●
●
●

●
●
●
●
●
●●
●●●
●
●●●

●

●●

●●

●

●●

●

●

●

●

●

●●●●●

●●

●●
●
●

●

●●

●●

●●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●●

●

●

●
●
●

●●

●

●

●

●
●●
●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●●

●
●
●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●●

●
●

●
●

●

●●

●

●
●

●

●●

●

●
●

●
●

●

●

●

●

●

●

●
●

●
●

●
●

●

●

●
●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

●
●
●

●

●

●
●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●
●

●

●

●

●
●

●
●
●

●●●

●

●
●●

●
●

●●
●
●

●

●

●

●

●●●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●
●●

●●

●

●

●●

●●

●
●

●
●

●

●

●

●

●

●
●
●
●

●
●

●

●
●
●

●
●

●

●
●

●

● ●
●

●
●

●

●

●

●

●
●

●●

●

●●

●
●

●

●●

●

●
●

●●

●

●

●
●

●

●●●

●

●

●
●●●●

●

●

●

●

●●
●●
●● ●

●

●

●

●
●●

●

●

●

●

●

●

●

●●

●

●

●
●
●
●
●●●

●

●

●

●

●

●

●

●

●●

●

●

●
●
●

●

●

●

●

●
●
●

●

●

●●●●●

●

●

●
●

●
●●

●

●

●

●
●

●

●

●●

●

●

●●
●
●
●
●
●
●
●

●

●
●
●●

●

●
●

●

●
●

●
●

●

●

●●●

●
●

●●●●●

●

●

●

●●

●

●

●●

●●
●

●●●●

●

●●
●●●●●

●

●

●

●●

●●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●●●●

●

●●●●

●

●●

●

●

●

●●

●

●●●
●

●●

●

●

●●●

●

●●●

●

●●●●●●

●

●●●●●●●●●●●●●

●

●●●●●●

●

●●● ●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●●●●

●

●

●●

●

●

●●
●

●

●

●
●

●●

●

●●
●

●

●

●

●

●

●

●●
●
●●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●●
●

●●

●

●

●

●

●

●

●

●
●
●

●●●

●

●
●

●

●
●●

●

●
●

●

●

● ●

●

●

●

●

●

●

●●●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●●

●
●●●

●

●

●

●

●●
●

●

●

●
●
●

●

●

●

●

●●●●●

●

●

●●

●●●

●

●

●●

●
●

●

●

●

●
●●

●

●

●

●

●●
●●

●
●

●

●

●

●
●

●

●
●

●

●
●

●●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●
●

●
●

●

●

●●●

●

●

●

●
●●

●

●

●
●

●●

●

●
●

●●●

●

● ●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●

●
●

0

5

10

15

20

L
iv

er
po

ol

Ju
ly

 1
91

8

Se
p 

19
18

N
ov

 1
91

8

Ja
n 

19
19

M
ar

 1
91

9

M
ay

 1
91

9

●

●

●

●

●

●

●

●

●

●●

●

●●

●
●

●

●

●
●

●

●
●

●

●

●●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●
●●

●

●

●

●

●

●
●●
●●
●

●

●

●
●
●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●●

●

●●

●

●

●

●●
●

●
●
●

●

●●
●
●
●
●

●

●

●
●

●

●

●

●

●

●

●

●
●

●●

●●

●

●

●

●●
●

●
●

●

●

●

●

●

●

●

●●

●

●
●

●

●

●
●
●

●

●

●●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●●

●
●●

●

●●

●

●

●
●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

● ●
●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●●
●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●●

●

●
●

●

●

●

●

●

●

●
●

●

●●
●●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●
●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●●

●

●
●

●

●●

●

●

●

●
●

●

●
●●
●

●

●

●●

●●

●

●

●●

●●
●●
●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●●●

●

●●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

Ju
ly

 1
91

8
Se

p 
19

18
N

ov
 1

91
8

Ja
n 

19
19

M
ar

 1
91

9
M

ay
 1

91
9

●
●

●

●
●

●

●
●
●

●●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●
●

●

●
●
●

●

●

●●

●●

●

●●

●
●

●
●●●

●

●

●

●

●

●●
●

●
●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●●

●

●

●

●

●●

●

●

●

●

●

●

●●●

●

●●

●●

●

●

●

●●

●●

●●●

●●

●●

●●

●
●

●

●

●

●

●

●●

●●●

●

●

●

●●

●

●

●
●

●●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●●●●●●●●●●●●●●●●●●●●●●

●

●●●

●

●

●●

●

●

●●

●●

●

●

●

●

●●

●

●

●

●●

●

● ●

●
●

●●

●

●●

●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●
●

●

●

●

●

●●

● ●

●

●

●

●

●

●

●●

●●

●

●

●
●

●

●

●

●●

●

●

●

●●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●●

●
●●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●●●

●

●
●

●

●●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●●

●
●

●●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●●
●

●

●
●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●
●

●

●

●

●●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●
●
●

●

●

●

●
●

●
●

Ju
ly

19
18

 S
ep

 1
91

8
N

ov
 1

91
8

Ja
n 

19
19

M
ar

 1
91

9
M

ay
 1

91
9

●●

●

●

●

●●
●
●

●

●

●

●●
●

●

●

●

●

●

●

●●

●
●

●

●

●
●
●
●●

●

●●●●

●

●

●

●

●

●

●

●●●

●
●

●
●

●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●

●

●

●
●●
●
●
●●●●

●

●

●

●

●

●●

●

●

●●

●

●

●

●
●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●●

●
●

●
●

●

●●

●
●

●

●

●

●

●

●

●

●●

●
●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●●●●●●●

●

●●● ●

●

●●●

●

●●●

●

●●●

●●●

●

●

●

●

●

●

●

●●
●
●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●●

●

● ●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●●
●

●

●

●●

●

●●

●

●

●

●

●

●

●

●
●

●
●

●
●●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●●

●

●
●

●

●

●

●

●

●

●

●
●●

●

●
●●

●

●

●

●

●
●

●

●

●

●

●

●

Ju
ly

 1
91

8
Se

p 
19

18

N
ov

 1
91

8

Ja
n 

19
19

M
ar

 1
91

9
M

ay
 1

91
9

Figure 3. Simulations compared with observed weekly mortality in 1918. We show: the best model, forced by three factors (human behavioural response, school
terms and temperature); a model with no behavioural effects; a model with no school terms and a model with no temperature effects. With estimated parameter
values for each model, 1000 simulations were generated (1000 � 46 weekly data points) and displayed using box-plots (one box-plot for each week), compared
with observed weekly influenza mortality (46 weeks, solid (red) curve). The three rows show results for three UK cities. The four columns show the four types of
model. (Online version in colour.)
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4. Discussion
Disentangling the interactions of causal factors underlying pat-

terns of spread in historical epidemics is a difficult problem, in

part due to data limitations. Here, we have used a mechanistic

transmission model and likelihood-based inference to investi-

gate factors underlying the three-wave shape of the 1918

influenza epidemic in England and Wales. Building on our
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Figure 2. Histograms of (a) DAICc (no behavioural response), (b) DAICc (no response to school holidays), (c) DAICc (no response to temperature) for the 50 largest
administrative units in England and Wales. A similar figure for all 334 administrative units is given in the electronic supplementary material. (Online version
in colour.)
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Figure 3. Simulations compared with observed weekly mortality in 1918. We show: the best model, forced by three factors (human behavioural response, school
terms and temperature); a model with no behavioural effects; a model with no school terms and a model with no temperature effects. With estimated parameter
values for each model, 1000 simulations were generated (1000 � 46 weekly data points) and displayed using box-plots (one box-plot for each week), compared
with observed weekly influenza mortality (46 weeks, solid (red) curve). The three rows show results for three UK cities. The four columns show the four types of
model. (Online version in colour.)
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5

4. Discussion
Disentangling the interactions of causal factors underlying pat-

terns of spread in historical epidemics is a difficult problem, in

part due to data limitations. Here, we have used a mechanistic

transmission model and likelihood-based inference to investi-

gate factors underlying the three-wave shape of the 1918

influenza epidemic in England and Wales. Building on our

ΔAICc
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(a) (b) (c)

Figure 2. Histograms of (a) DAICc (no behavioural response), (b) DAICc (no response to school holidays), (c) DAICc (no response to temperature) for the 50 largest
administrative units in England and Wales. A similar figure for all 334 administrative units is given in the electronic supplementary material. (Online version
in colour.)
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Figure 3. Simulations compared with observed weekly mortality in 1918. We show: the best model, forced by three factors (human behavioural response, school
terms and temperature); a model with no behavioural effects; a model with no school terms and a model with no temperature effects. With estimated parameter
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model. (Online version in colour.)
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4. Discussion
Disentangling the interactions of causal factors underlying pat-

terns of spread in historical epidemics is a difficult problem, in

part due to data limitations. Here, we have used a mechanistic

transmission model and likelihood-based inference to investi-

gate factors underlying the three-wave shape of the 1918

influenza epidemic in England and Wales. Building on our

ΔAICc
0 25 50 75 100 125 150

0

0.02

0.04

0.06

0.08

pr
op

or
tio

n
ΔAICc

0 25 50 75 100 125 150

ΔAICc
0 25 50 75 100 125 150

(a) (b) (c)

Figure 2. Histograms of (a) DAICc (no behavioural response), (b) DAICc (no response to school holidays), (c) DAICc (no response to temperature) for the 50 largest
administrative units in England and Wales. A similar figure for all 334 administrative units is given in the electronic supplementary material. (Online version
in colour.)
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Figure 3. Simulations compared with observed weekly mortality in 1918. We show: the best model, forced by three factors (human behavioural response, school
terms and temperature); a model with no behavioural effects; a model with no school terms and a model with no temperature effects. With estimated parameter
values for each model, 1000 simulations were generated (1000 � 46 weekly data points) and displayed using box-plots (one box-plot for each week), compared
with observed weekly influenza mortality (46 weeks, solid (red) curve). The three rows show results for three UK cities. The four columns show the four types of
model. (Online version in colour.)
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4. Discussion
Disentangling the interactions of causal factors underlying pat-

terns of spread in historical epidemics is a difficult problem, in

part due to data limitations. Here, we have used a mechanistic

transmission model and likelihood-based inference to investi-

gate factors underlying the three-wave shape of the 1918

influenza epidemic in England and Wales. Building on our

ΔAICc
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(a) (b) (c)

Figure 2. Histograms of (a) DAICc (no behavioural response), (b) DAICc (no response to school holidays), (c) DAICc (no response to temperature) for the 50 largest
administrative units in England and Wales. A similar figure for all 334 administrative units is given in the electronic supplementary material. (Online version
in colour.)
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Figure 3. Simulations compared with observed weekly mortality in 1918. We show: the best model, forced by three factors (human behavioural response, school
terms and temperature); a model with no behavioural effects; a model with no school terms and a model with no temperature effects. With estimated parameter
values for each model, 1000 simulations were generated (1000 � 46 weekly data points) and displayed using box-plots (one box-plot for each week), compared
with observed weekly influenza mortality (46 weeks, solid (red) curve). The three rows show results for three UK cities. The four columns show the four types of
model. (Online version in colour.)
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4. Discussion
Disentangling the interactions of causal factors underlying pat-

terns of spread in historical epidemics is a difficult problem, in

part due to data limitations. Here, we have used a mechanistic

transmission model and likelihood-based inference to investi-

gate factors underlying the three-wave shape of the 1918

influenza epidemic in England and Wales. Building on our
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Figure 2. Histograms of (a) DAICc (no behavioural response), (b) DAICc (no response to school holidays), (c) DAICc (no response to temperature) for the 50 largest
administrative units in England and Wales. A similar figure for all 334 administrative units is given in the electronic supplementary material. (Online version
in colour.)
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Figure 3. Simulations compared with observed weekly mortality in 1918. We show: the best model, forced by three factors (human behavioural response, school
terms and temperature); a model with no behavioural effects; a model with no school terms and a model with no temperature effects. With estimated parameter
values for each model, 1000 simulations were generated (1000 � 46 weekly data points) and displayed using box-plots (one box-plot for each week), compared
with observed weekly influenza mortality (46 weeks, solid (red) curve). The three rows show results for three UK cities. The four columns show the four types of
model. (Online version in colour.)
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4. Discussion
Disentangling the interactions of causal factors underlying pat-

terns of spread in historical epidemics is a difficult problem, in

part due to data limitations. Here, we have used a mechanistic

transmission model and likelihood-based inference to investi-

gate factors underlying the three-wave shape of the 1918

influenza epidemic in England and Wales. Building on our

ΔAICc
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Figure 2. Histograms of (a) DAICc (no behavioural response), (b) DAICc (no response to school holidays), (c) DAICc (no response to temperature) for the 50 largest
administrative units in England and Wales. A similar figure for all 334 administrative units is given in the electronic supplementary material. (Online version
in colour.)

●●
●●●●
●

●
●

●

●
●●
●●

●

●
●

●

●

●●

●

●●

●

●

●

●●

●

●

●

●

●
●

●●

●●●●

●

●●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●●

●

●
●●

●
●
●●

●

●●

●●●●●

●
●●●●●●●

●●●●●●●

●

●●●●●●

●

●●●●

●

●

●●●●●●

●

●

●

●●

●
●●

●

●●●

●

●
●

●

●●●●
●●

●●

●●
●●
●

●

●

●

●
●

●
●

●

●

●

●

●

●
●

●

●

●
●
●
●

●

●

●

●

●

●

●

●

●

●●
●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

● ●
●●
●

●

●●●●
●

●
●

●

●

●

●

●●

●
●

●●

●●
●●●

●

●

●●●

●

●●

●

●

●●●●

●●

●●●
●
●●●

●

●

●
●
●
●●

●●

●

●

●●
●
●●●●●

●
●●●●

●●

●

●●

●

●●●●●

●
●●

●

●
●●

●

●

●●●●

●

●

●
●●●●

●

●●

●

●
●

●

●

●

●

●

●

●

●●

●
●●

●

●
●

●●●●●

●

●
●●

●

●

●

●

●

●●●●●
●
●
●

●

●

●

●●●

●

●

●●

●

●●
●

●

●

●

●

●

●●●●●●●

●

●

●
●

●
●

●●●●●●●●

●

●
●

●●●●●
●●●
●

●

●

●

●●

●

●●0

10

20

30

40

50

60

w
ee

kl
y 

fl
u 

de
at

h
w

ee
kl

y 
fl

u 
de

at
h

w
ee

kl
y 

fl
u 

de
at

h

L
on

do
n

best

●

●

●
●

●

●●

●
●

●
●●
●

●
●

●
●

●

●

●●

●

●

●
●

●

●
●
●

●

●

●

●

●

●
●

●

●●●

●●

●

●

●

●
●

●

●
●
●

●●
●

●

●

●

●

●●
●

●

●

●

●
●

●

●
●

●
●

●

●
●

●

●

●
● ●

●

●

●

●
●●

●
●

●

●

●●

●●

●
●●●
●●

●
● ●

●●
●
●
●

●

●●

●

●

●●

●

●

●●

●

●●●●
●●

●
●

●

● ●●●

●

●●
●

●
●
●

●

●

●

●

●●
●
●
●
●
●

●●

●
●

●
●●
●●

●
●

●

●
●
●
●●
●
●

●
●
●

●●

●●

●

●●●●

●

●
●
●●

●●●

●

●
●●

●●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●

●

●

●

●

●

●

●
●
●
●

●

●
●
●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●
●

●

●

●

●
●

●

●
●
●

●

●

●

●●

●

●

●
●●●
●

●

●

●

●

●

●●

●

●

●

●

●●●

●

●●

●

●

●

●

●

●

●
●

●

●

●●●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●
●
●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●●
●●
●

●

●●

●
●
●

●

●
●

●

●
●

●

●

●

●

●●●

●●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●
●

●

●

●

●
●

●

●

●●

●

●

●

●●
●

●

●

●

●

●
●●
●

●

●
●
●

●
●

●
●

●

●●

●

●

●

●
●

●

●●●

●

●●●

●

●
●●

●

●

●

●●

●

●
●
●

●

●

●

●●

●

●●●

●

●●●
●

●

●

no behaviour

●●

●

●

●

●●
●

●
●●

●●●●
●

●

●●

●●
●

●

●

●

●

●●●●

●●
●

●
●

●

●

●●●●
●

●

●

●

●
●●●

●
●
●●

●

●

●
●●

●

●

●●●

●
●
●●

●

●
●

●

●

●

●●

●

●●●

●●

●
●●

●●

●

●

●
●
●

● ●

●●●
●

●

● ●

●

●●

●

●
●●●●
●

●

●●
●
●●●

●

●●

●

●
●
●●●

●●●

●●

●

●

●

●

●

●

●
●

●

●●

●

●

●●

●

●

●

●
●

●

●
●
●

●

●● ●

●
●
●

●

●

●

●
●

●

●●
●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●●●

●

●

●

●●

●

●
●

●

●

●
●

●●

●
●●
●●●

●●

●
●
●

●

●●

●●

●

●

●

●●●●●●●●

●

●●

●
●
●
●
●

●

●●●●●
●
●●●
●
●

●
●

●

●

●
●●
●
●
●●●

●

●

●

●

●
●●

●

●
●

●

●

●

●●

●

●

●

●
●

●
●
●

●
●

●
●

●

●

●●
●

●
●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●
●
●

●●
●●

●

●●

●

●●●●●
●●

●

●

●
●●

●

●●

●

●●
●●●●●
●●

●●

●

●
●

●●●●

●

●●

●

●

●

●●●●
●●
●

●

●

●

●

●

●●●
●
●●●●

●●
●●
●●

no school

●
●●
●●
●●●

●

●

●
●

●

●

●
●●

●●●●●

●

●
●

●●

●
●

●

●
●

●

●

●
●
●●●●
●

●
●
●

●
●
●
●●

●
●●●●●●
●●

●●●●●

●●

●
●●●
●●●

●

●●
●

●●●●●●●●

●

●●●●●

●
●

●

●

●●

● ●
●
●
●

●●●●

●

●

●

●●●●●

●

●

●●

●●

●●●●●
●
●

●

●
●
●

●
●●
●

●

●

●●
●

●
●
●

●●
●
●

●

●

●

●
●●●

●

●

●

●●
●

●

●

●

●
●
●

●

●

●
●

●

●

●

●

●

●
●

●
●

●

●

●●
●●

●

●

●

●

●

●●●

●

●

●

●

●

●●
●

●

●

●

●●

●

●
●
●●
●

●●

●

●

●

●

●

●●●

●
●

●
●●
●
●
●●●

●●●

●
●●

●
●

●

●●●●

●
●
●
●

●
●
●

●
●

●

●

●
●●

●

●
●●●●●●
●

●

●

●●

●●

●●●●

●

●●

●●●
●●●●
●

●

●●
●●

●

●●
●

●

●●●
●●

●

●●

●

●
●●●

●

●
●●

●●
●

●

●

●

●

●

●

●
●

●

●
●

●

●●

●

●●●●

●

●
●

●

●

●

●

●

●

●

●

●
●●
●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●●

●

●

●● ●

●

●

●●
●

●●
●

●

●

●●●
●

●

no weather

●

●●●●
●
●●●●

●

●

●

●

●●● ●
●

●

●

●●

●

●●

●

●

●

●●

●

●

●●
●
●

●
●

●●●

●
●●
●

●●

●

●

●

●●

●●●

●

●

● ● ● ●●●●●
●●●
●

●

●●●●●

●

●●●●●●●●●●●●●● ●

●●

●

●●

●

●

●●●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●
●

●

●●
●

●

●
●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●●
●

●●

●

●●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●●

●
●●

●

●

●

●

●
●

●
●●

●

●

●

●

●

●
●●

●

●●

●

●●●
●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●●●●●●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●
●

●

●
●

●

●
●●

●
●

●

●●

●●

●

●

●

●

●

●

●

●

●

●●●

●

●●

●

●

●

●●●●

●

●

●●●

●●●●●●●●●●●●●●

●

●●●

●

●●●●●●●●●●●●●●●●●●●●●●

●●●

●

●

●

●

●●

●●

●

●●●●

●

●

●

●●●

●

●●

●

●

●

●

●●●
●●

●
●

●

●

●

●●

●

●

●●

●

●

●

●

●

●●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●●

●

●
●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●●

●

●●

●
●
●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●●

●

●

●●
●●
●

●

●●

●

●
●
●

●●

●

●●
●

●

●●
●●●●
●

●
●

●

●

●

●

●

●

●
●●
●

●

●

●
●

●●●

●

●●
●
●●
●●
●

●

●

●●

●

●●
●●
●●●

●

●
●

●
●

●

●

●

●

0

5

10

15

20

25

B
ir

m
in

gh
am ●

●

●

●●

●

●

●

●
●
●●●
●

●

●

●

●
●●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●
●

●

●

●

●

●

●

●

●
●

●
●●

●

●

●

●

●
●

●

●●

●●

●●

●

●
●

●

●

●●

●

●
●
●●
●

●●

●

●

●

●●
●

●
●

●
●
●

●●● ●●●●
●

●

●

●
●

●●

●

●

●

●●

●

●

●

●●

●

●

●

●
●●
●

●

●

●

●

●

●●

●

●●
●

●

●

●

●

●
●

●

●
●
● ●

●

●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●

●

●
●

●●

●

●

●

●

●
●

●●

●●

●

●

●

●
●

●●●
●

●
●

●

●●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●●

●

●

●

●
●●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●
●

●

●

●
●
●
●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●
●
●●

●

●

●●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●
●

●

●●●

●

●

●

●●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●●
●

●
●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●
●

●

●

●

●
●

●

●

●

●
●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●●
●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●●

●

●

●●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●●

●

●

●

●

●●

●

●

●

●

●

●

●

●●

●

●

●●
●

●

●
●

●
●
●

●

●

●
●
●
●●

●

●●●
●

●

●●

●●

●

●

●●

●

●
●

●
●

●

●

●
●

●●

●●

● ●●

●

●●

●●●

●

●●

●●●

●
●
●
●

●

●

●●

●●

●

●●

●

●

●

●

●●

●

●●

●

●●

●

●

●

●●●●●●

●
●●

●●

●
●

●●

●

●

●●●●●

●

●●

●

●●●●●●

●

●●●●●●●●●●●●●

●

●●

●●

●●●●●●●●●●●●

●

●

●

●

●●●

●

●

●

●●●

●

●

●

●

●●●

●●

●●
●●

●
●●
●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●●

●
●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●
●

●

●
●

●

●

●
●

●

●

●

●

●

●
●
●●

●

●

●
●●●
●

●

●

●

●

●

●

●

●●

●

●●
●●

●

●●

●

●
●

●

●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●

●

●●●●●●●●●●●●

●

●●●●●●●●●●

●

●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●

●

●

●

●
●

●
●

●

●

●
●●

●

●●

●●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

● ●
●

●

●●●●●●●●●●●●●●●

●●

●
●

●

●
●●

●

●

●●

●

●

●

●●●

●●

●

● ●

●
●
●
●

●

●●

●●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●●●

●

●

●

●
●

●

●●
●

●

●

●

●

●●

●

●●●●●●

●

●

●●●

●●

●●

●●●●●●●●●● ●●●●●●●●●●●●●●

●

●●●●●

●

●●●●●●

●

●●●

●
●

●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●●●●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●
●
●●●
●

●
●●●

●
●
●●
●
●
●
●●

●

●

●

●●●●

●

●●

●

●

●

●
●●●
●●●
●
●
●
●

●

●
●
●●●●●●

●
●●●

●

●

●
●

●●

●
●
●●
●
●●

●
●●

●

●
●

●

●
●
●

●

●
●
●

●●

●●

●●

●
●

●
●
●●

●
●
●●●●
●
●●●●●

●
●
●

●
●
●

●

●
●

●

●
●
●●●

●

●●●

●
●

●
●
●
●
●

●

●
●
●
●●

●

●
●
●●●●●
●●
●●
●

●

●
●
●●
●
●●
●
●●●
●
●

●
●
●●
●●
●
●
●●

●

●
●●

●

●
●●
●●

●
●
●
●
●
●
●

●

●●

●
●
●●

●

●●●●●●●

●

●
●

●

●●
●●
●
●
●

●
●●●
●
●
●●●●●
●
●●

●●

●●●
●
●●
●
●
●●
●
●
●

●
●●
●●
●

●

●

●
●

●●●

●

●
●
●
●

●●●●
●●
●
●●
●

●●●●●

●

●●●

●

●
●

●
●
●

●

●●●

●●

●●

●●

●
●●●
●
●●●
●

●

●●

●●
●
●

●● ●●
●●

●

●●
●
●
●●

●

●●●
●
●
●
●
●
●●●

●

●
●●
●●●●●●
●●
●
●
●

●
●
●

●
●●
●
●
●

●
●
●
●
●●●●
●
●●

●

●
●
●●●●

●●
●
●●
●
●

●

●
●
●
●
●

●

●

●

●●

●

●●

●

●●●●●

●

●

●
●
●

●

●
●
●
●
●
●

●

●
●
●

●

●●●
●
●
●

●●●●

●

●●

●
●

●●

●

●
●●●●
●

●

●

●
●
●

●
●
●
●
●

●

●●

●

●
●

●
●●
●●●
●●

●

●●
●
●

●●
●

●

●
●
●
●
●

●
●
●
●
●
●●
●●●
●
●●●

●

●●

●●

●

●●

●

●

●

●

●

●●●●●

●●

●●
●
●

●

●●

●●

●●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●●

●

●

●
●
●

●●

●

●

●

●
●●
●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●●

●
●
●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●●

●
●

●
●

●

●●

●

●
●

●

●●

●

●
●

●
●

●

●

●

●

●

●

●
●

●
●

●
●

●

●

●
●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

●
●
●

●

●

●
●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●
●

●

●

●

●
●

●
●
●

●●●

●

●
●●

●
●

●●
●
●

●

●

●

●

●●●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●
●●

●●

●

●

●●

●●

●
●

●
●

●

●

●

●

●

●
●
●
●

●
●

●

●
●
●

●
●

●

●
●

●

● ●
●

●
●

●

●

●

●

●
●

●●

●

●●

●
●

●

●●

●

●
●

●●

●

●

●
●

●

●●●

●

●

●
●●●●

●

●

●

●

●●
●●
●● ●

●

●

●

●
●●

●

●

●

●

●

●

●

●●

●

●

●
●
●
●
●●●

●

●

●

●

●

●

●

●

●●

●

●

●
●
●

●

●

●

●

●
●
●

●

●

●●●●●

●

●

●
●

●
●●

●

●

●

●
●

●

●

●●

●

●

●●
●
●
●
●
●
●
●

●

●
●
●●

●

●
●

●

●
●

●
●

●

●

●●●

●
●

●●●●●

●

●

●

●●

●

●

●●

●●
●

●●●●

●

●●
●●●●●

●

●

●

●●

●●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●●●●

●

●●●●

●

●●

●

●

●

●●

●

●●●
●

●●

●

●

●●●

●

●●●

●

●●●●●●

●

●●●●●●●●●●●●●

●

●●●●●●

●

●●● ●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●●●●

●

●

●●

●

●

●●
●

●

●

●
●

●●

●

●●
●

●

●

●

●

●

●

●●
●
●●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●●
●

●●

●

●

●

●

●

●

●

●
●
●

●●●

●

●
●

●

●
●●

●

●
●

●

●

● ●

●

●

●

●

●

●

●●●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●●

●
●●●

●

●

●

●

●●
●

●

●

●
●
●

●

●

●

●

●●●●●

●

●

●●

●●●

●

●

●●

●
●

●

●

●

●
●●

●

●

●

●

●●
●●

●
●

●

●

●

●
●

●

●
●

●

●
●

●●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●
●

●
●

●

●

●●●

●

●

●

●
●●

●

●

●
●

●●

●

●
●

●●●

●

● ●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●

●
●

0

5

10

15

20

L
iv

er
po

ol

Ju
ly

 1
91

8

Se
p 

19
18

N
ov

 1
91

8

Ja
n 

19
19

M
ar

 1
91

9

M
ay

 1
91

9

●

●

●

●

●

●

●

●

●

●●

●

●●

●
●

●

●

●
●

●

●
●

●

●

●●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●
●●

●

●

●

●

●

●
●●
●●
●

●

●

●
●
●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●●

●

●●

●

●

●

●●
●

●
●
●

●

●●
●
●
●
●

●

●

●
●

●

●

●

●

●

●

●

●
●

●●

●●

●

●

●

●●
●

●
●

●

●

●

●

●

●

●

●●

●

●
●

●

●

●
●
●

●

●

●●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●●

●
●●

●

●●

●

●

●
●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

● ●
●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●●
●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●●

●

●
●

●

●

●

●

●

●

●
●

●

●●
●●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●
●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●●

●

●
●

●

●●

●

●

●

●
●

●

●
●●
●

●

●

●●

●●

●

●

●●

●●
●●
●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●●●

●

●●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

Ju
ly

 1
91

8
Se

p 
19

18
N

ov
 1

91
8

Ja
n 

19
19

M
ar

 1
91

9
M

ay
 1

91
9

●
●

●

●
●

●

●
●
●

●●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●
●

●

●
●
●

●

●

●●

●●

●

●●

●
●

●
●●●

●

●

●

●

●

●●
●

●
●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●●

●

●

●

●

●●

●

●

●

●

●

●

●●●

●

●●

●●

●

●

●

●●

●●

●●●

●●

●●

●●

●
●

●

●

●

●

●

●●

●●●

●

●

●

●●

●

●

●
●

●●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●●●●●●●●●●●●●●●●●●●●●●

●

●●●

●

●

●●

●

●

●●

●●

●

●

●

●

●●

●

●

●

●●

●

● ●

●
●

●●

●

●●

●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●
●

●

●

●

●

●●

● ●

●

●

●

●

●

●

●●

●●

●

●

●
●

●

●

●

●●

●

●

●

●●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●●

●
●●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●●●

●

●
●

●

●●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●●

●
●

●●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●●
●

●

●
●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●
●

●

●

●

●●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●
●
●

●

●

●

●
●

●
●

Ju
ly

19
18

 S
ep

 1
91

8
N

ov
 1

91
8

Ja
n 

19
19

M
ar

 1
91

9
M

ay
 1

91
9

●●

●

●

●

●●
●
●

●

●

●

●●
●

●

●

●

●

●

●

●●

●
●

●

●

●
●
●
●●

●

●●●●

●

●

●

●

●

●

●

●●●

●
●

●
●

●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●

●

●

●
●●
●
●
●●●●

●

●

●

●

●

●●

●

●

●●

●

●

●

●
●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●●

●
●

●
●

●

●●

●
●

●

●

●

●

●

●

●

●●

●
●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●●●●●●●

●

●●● ●

●

●●●

●

●●●

●

●●●

●●●

●

●

●

●

●

●

●

●●
●
●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●●

●

● ●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●●
●

●

●

●●

●

●●

●

●

●

●

●

●

●

●
●

●
●

●
●●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●●

●

●
●

●

●

●

●

●

●

●

●
●●

●

●
●●

●

●

●

●

●
●

●

●

●

●

●

●

Ju
ly

 1
91

8
Se

p 
19

18

N
ov

 1
91

8

Ja
n 

19
19

M
ar

 1
91

9
M

ay
 1

91
9

Figure 3. Simulations compared with observed weekly mortality in 1918. We show: the best model, forced by three factors (human behavioural response, school
terms and temperature); a model with no behavioural effects; a model with no school terms and a model with no temperature effects. With estimated parameter
values for each model, 1000 simulations were generated (1000 � 46 weekly data points) and displayed using box-plots (one box-plot for each week), compared
with observed weekly influenza mortality (46 weeks, solid (red) curve). The three rows show results for three UK cities. The four columns show the four types of
model. (Online version in colour.)
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What caused the three distinct waves in 1918–19?

I Behavioural response to perception of risk
I cannot fit three distinct waves without it

I school closing and weather have detectable effects, but much
smaller than behaviour change

He, Dushoff, Day, Ma, Earn 2013, Proc. R. Soc. B 280:20131345

https://davidearn.mcmaster.ca/publications/HeEtAl2013a


Why were there
two distinct waves

in 2009?



2009 Influenza Pandemic in Alberta
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2009 Influenza Pandemic in Alberta

than in the rest of the province; however, the long delay
before substantial growth of the second wave makes this
uncertain. Note that a sudden drop in incidence is ex-
pected if transmission is suddenly reduced in the middle of
an epidemic, when incidence is high. In contrast, when
incidence is low, a gradual change is expected after a
change in transmission rate. When schools opened in late
August 2009, incidence rates were extremely low; a sudden
increase in transmission rate can start an exponential in-

crease in cases, but this would take several weeks to be
detectable at the population level.

Modeling pH1N1 Transmission in Alberta
To examine how transmission rates (as opposed to in-

cidence) changed over the course of the epidemic, we used
a simple epidemiologic model with 2 age classes, school-
age children (aged 5 to 18 years) and all others. We mod-
eled seasonal changes in influenza transmission by using a

Figure 1. Age structure of laboratory-confirmed cases of pH1N1 in Alberta, Canada, in 2009.
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Dates when schools closed and opened are indicated in blue. Classes ended on different dates for different levels of school: high school (grades 10 to 12)
on 12 June, middle school (grades 7 to 9) on 22 June, elementary school (kindergarten [K] to grade 6) on 26 June, and junior kindergarten (JK) on 19
June; classes began on 27 August 2009 in Calgary and on 31 August 2009 in the rest of the province (Field Services, Alberta Ministry of Education.
Personal communication.). The dotted line in each panel indicates the start of restricted testing on 30 October 2009 (12). pH1N1 ! pandemic H1N1
influenza. Top. Aggregate weekly total number of specimens tested, specimens positive for pH1N1 (red), and specimens positive for any type of influenza
A or B, by date of specimen collection. The 2 highest peaks in the weekly totals, which are too high to be seen in the graph, are 2162 on 3 May 2009
and 3600 on 1 November 2009. Middle. Confirmed cases of pH1N1 broken into 2 age classes, school-age children (aged 5–18 y) and all others (children
aged "5 y and adults aged #18 y). Bottom. Intensity plot of date of sample collection versus age of patient, with cumulative cases by age shown in the
bar plot on the right.
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I Cases fell in school ages when schools closed

I Cases fell in other ages 3–4 weeks later

I Second wave began a few weeks after schools re-opened

I Mass vaccination started in late October

I Investigate mechanisms with two-age-class SIR model
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affect the course of future epidemics, regardless of when
they occur. Of course, policymakers would also need to
consider the social disruption that would result from clos-
ing all schools in such a large area as Alberta during the
normal school year.

The key inference of our study is that school-age chil-
dren were fundamentally important drivers of pH1N1
transmission in 2009. Systematically reducing transmission
in this age group could substantially mitigate the effects of
future pandemics. We suggest that school closures (either
local or regional) should be seriously considered if a pan-
demic occurs during the school year. Our findings also
support targeting schoolchildren for interventions aimed at
interrupting influenza transmission, including vaccination
(41), hygiene (42, 43), and chemoprophylaxis.

Our modeling also indicated that seasonal changes in
weather (such as changes in temperature or humidity) sig-
nificantly affected influenza transmission in cities in Al-

berta. Although temperature fits these particular data sub-
stantially better than humidity, the fits yield similar
parameter estimates, and we consider both measures as
proxies for more complex seasonal and weather effects. In
places where summer started earlier than in Alberta, it
would not be surprising to find that the decline of the first
wave of the 2009 H1N1 influenza pandemic began before
schools closed for the summer.

Finally, our work shows the value of unrestricted viro-
logic testing. Data like those we have analyzed greatly in-
crease our power to discover the cause of sudden changes
in incidence, whether they result from school closures or
other factors. Our approach (comparing the performance
of many simple models fitted to high-volume data) is gen-
erally underutilized in settings of infectious disease out-
breaks. In the future, if data were made available in real
time for this type of analysis, debates over the key drivers of
incidence could be helpfully constrained.

Figure 3. Comparison of pH1N1 data for the province of Alberta with simulations.
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Box plots are based on 1000 realizations of our best-fit model, as specified in the Table. Data and simulation results are shown for school-age
children (aged 5–18 y) (left panels) and for the rest of the population (right panels). Data are compared with simulations of our best-fit model
(Table) (top panels) and with predicted results if schools had been left open in Alberta throughout the summer (bottom panels). pH1N1 #
pandemic H1N1 influenza.
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children (aged 5–18 y) (left panels) and for the rest of the population (right panels). Data are compared with simulations of our best-fit model
(Table) (top panels) and with predicted results if schools had been left open in Alberta throughout the summer (bottom panels). pH1N1 #
pandemic H1N1 influenza.

Original ResearchEffects of School Closure on Pandemic Influenza Incidence

www.annals.org 7 February 2012 Annals of Internal Medicine Volume 156 • Number 3 179

Earn, He, Loeb, Fonseca, Lee, Dushoff 2012, Ann. Int. Med. 156, 173–181

https://davidearn.mcmaster.ca/publications/EarnEtAl2012


2009 Influenza Pandemic in Alberta

I Schools closing had a major effect on attenuating the first
wave

I Weather also had a detectable effect

I Summer wave would have been much larger if schools had not
closed
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