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S1 Network data sources1

To construct our plausible human contact networks, we relied on a range of publicly available data sources.2

For household sizes, we used state-specific data for Florida [S1] and Texas [S2], for the latter, we were3

only able to obtain accurate numbers for households with three or fewer occupants, so higher values were4

extrapolated from the overall average occupancy [S3]. Individual vulnerability was assigned based on age-5

specific COVID-19 induced mortality rates [S4]. To construct the underlying age distribution, we used6

United States American Community Survey data from 2019, specifically publications DP05: Demographic7

and Housing Estimates [S5]. Each individual in the network was probabilistically assigned into one of thirteen8

(less than 5 years old, 5-9, 10-14, 15-19, 20-24, 25-34, 35-44, 45-54, 55-59, 60-64, 65-74, 75-84, or greater9

than 84 years old) age classes based on state-specific age distributions. The distribution of ages across the10

network was modified from an initial random allocation to prevent the occurrence of households in which all11

individuals were children.12

The school layer was constructed by taking all school-age individuals (5-9, 10-14, or 15-19 years old) and13

assigning them into age-class-specific classrooms of approximately 20 students per classroom [S6]. Within14

each classroom, networks were fully connected: all students had the same interaction strength with all other15

students in the classroom.16

The workplace layer similarly considered all working-age adults (20-24, 25-34, 35-44, 45-54, 55-59, or17

60-64 years old), subtracted a percentage (10%) based on unemployment rates in the spring-summer of 202018

[S7], and assigned the remainder to workplaces whose size was loosely based on the distribution of workplace19

sizes in the United States [S8]. This latter distribution was modified to remove especially small (less than 520

workers) and large (greater than 100 workers) work places. Within workplaces, as with classrooms, networks21

are fully connected: all workers have an equal level of contact with all other workers at the same workplace.22
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S2 Locality network structure comparison23

* * * *
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Figure S1: Household size (left) and age (right) distributions for each of the two locales used in the main
text. N.b. left and right plots have different vertical axis limits. While Florida tends to have older citizens,
Texas tends to have larger families (and consequently more within-household interactions; see also table 1).
Asterisks denote values for Texas household size that were inferred to match an overall mean household size
in the absence of precise data.

S3 Alternative background transmission24

In this section, we repeat the analyses from the main text, but with alternative rates of background trans-25

mission. In particular, we consider the case of no background transmission, in which there are only three26

layers of interactions in the network (within-household, classmate, and co-worker), and a case where the27

background transmission is fifty times as high, but otherwise structured identically as in the main text. In28

the absence of background transmission results are similar to those in the main text, though note that in29

the “Vulnerable Households Avoid Work/School” risk-tolerance regime, each household containing a vulner-30

able individual is completely isolated from the rest of the network, meaning that the only way a member31

could become infected is if they or a fellow member of their household were randomly chosen as the initial32

case. When background transmission is sufficiently high, on the other hand, most effects of risk-tolerance33

regime are washed out, as the classmate and co-worker interaction layers are relatively less important when34

a pathogen spreads readily by other means.35

S3.1 No background transmission (βbackground = 0)36
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Figure S2: As fig. 1 in the main text, but with no background transmission and for more epidemiological
outcome measures (columns; defined in section S4). Individuals in the network either: did not change
behaviour in response to (contact with individuals with) vulnerability status (top), changed behaviour if
they were vulnerable themselves (middle), or changed behaviour when a member of their household was
vulnerable (bottom). Values were then log-scaled and normalized for each epidemic outcome such that the
maximum value is 1 (yellow) and the minimum value is 0 (purple). Multiple points within each hexagon
were averaged to produce the plotted value. Each panel consists of a heatmap showing the relative epidemic
outcome of simulations spanning various levels of co-worker (vertical axis) and classmate (horizontal axis)
transmission. 4
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Figure S5: As the leftmost column in fig. 1, showing the reproduction number across parametrizations, but
with no background transmission.
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S3.2 High background transmission (βbackground = 0.05)37
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Figure S6: As figs. 1 and S2, but with background transmission set to βbackground = 0.05/N . Values are
scaled within each outcome measure such that the lowest value is 0 (purple) and the highest is 1 (yellow).
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Figure S9: As the leftmost column in fig. 1 and as fig. S5, showing the reproduction number across
parametrizations, but with background transmission set to βbackground = 0.05/N .
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S4 Epidemiological outcome quantification38

We quantify epidemiological outcomes according to:39

Total Infected The total number of nodes (individuals) infected over the course of a simulated epidemic40

Average Infectious The average number of infectious individuals across time (Total Infected / epidemic41

duration)42

Total Died The total number of individuals that die over the course of the epidemic43

Time to Peak The timepoint in which the most people are concurrently infectious44

Time to Peak Death The timepoint in which the most individuals die over the course of the epidemic45

Maximum Infectious The highest number of concurrently infectious individuals46

Vulnerable Infected The number of vulnerable individuals infected over the course of the epidemic47

Time to Vulnerable Infected The timepoint in which the first vulnerable individual is infected48

Percent Vulnerable Households Infected The percent of households with at least one vulnerable indi-49

vidual that have at least one member infected over the course of the epidemic50

Epidemic Rate The average number of infections per timepoint until the peak is reached (Maximum51

Infectious / Time to Peak)52

12



Figure S10: Correlogram of epidemiological outcomes. Points, correlation coefficients are coloured according
to risk-tolerance scenario: No Difference in Behaviour (I, red), Vulnerable Individuals Avoid Work/School
(II, purple), and Vulnerable Households Avoid Work/School (III, blue).
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S5 Additional outcome metrics for (βbackground = 0.001)53
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Figure S11: As fig. 1, but showing results for all epidemiological outcome measures, as in figs. S2 and S6.
Values are scaled within each outcome measure such that the lowest value is 0 (purple) and the highest is 1
(yellow). Note that some metrics related to peak timings tend to be higher in the household-link-reduction
scenario (while the other two are largely similar, as in other cases). This is because peak timing depends
both on the rate of disease spread and on the size of the peak. The latter tends to be smaller in this scenario,
and is consequently reached faster, even with a smaller “Epidemic Rate”.
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S6 Simulation code accessibility details54

All simulations were conducted in C++ version 8.1.0, with data manipulation and plotting done in R version55

4.2.0 [S9], with the use of R packages: assertthat [S10], ggbeeswarm [S11], kableExtra [S12], patchwork [S13],56

Rcpp [S14, S15, S16], tidygraph [S17], tidyverse [S18], and scales [S19].57

An application for visualizing our synthetic community network structure and simulating disease spread58

(including the manipulation of disease parameters) is available online: https://z.umn.edu/LINCS [S20].59

Code to replicate all aspects of these analyses is available online: https://github.com/mjsmith037/60

Layered_Interactions_COVID_Model.61

S7 Age-structure weighting of interaction networks62

In this section, we explore the sensitivity of our results to the assumption of uniform, fully-connected net-63

works. Specifically, we construct layered interaction networks in which each layer’s interactions are weighted64

according to the age-class (16 5-year classes for individuals 0-80 years old) of the two individuals involved.65

To do this, we utilize published information on social interaction age-structure in each of our four network66

layers: home, work, school, and others [S21].67

Practically, each layer’s transmission rates are now constrained by a “maximum transmission rate” which68

is then multiplied by symmetrized, normalized age-structured contact matrices from [S21], rather than a69

constant rate for all interactions. Household and co-worker interactions are weighted (using the “home” and70

“work” age-structured interaction matrices, respectively), but otherwise constructed as for the main text.71

For the classmate interaction layer, we shift from modelling individual, age-class-homogenous classrooms72

are now modelled at the school level (rather than classroom, as classrooms were previously constructed of73

a single age-class), with internal school interactions being weighted according to the ages of each individual74

using the “school” interactions layer from [S21]. Each school is assembled to hold approximately 500 students,75

in line with the average school size in the United States [S22].76

This means that the number of classmate interactions is substantially higher in these simulations than77

in those presented in the main text. While the new school configuration has the advantage of considering78

interactions between students in different classrooms, it lacks the fragmentation typical of the internal79

structure of American public schools.80

Background interactions differ from the main text simulations in that they are explicitly modelled as81

a fully-connected, weighted interaction network in which the strength of interaction between each pair of82
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Table S1: Summary statistics for networks generated utilizing data on
age-structure of interactions.

Metric “United States” mean (sd)1

Number of individuals 998
Number school-age 193 (12.37)
Number employed 528 (15.8)
Number vulnerable 17 (4.08)

Number of households 411
Number households with children 170 (8.64)
Number of households with vulnerable 17 (3.98)

Total number of edges (no isolation) 24723 (2312.91)
Household edges 1101
Classmate edges 18664 (2388.91)
Co-worker edges 4958 (407.33)

Edges when vulnerable isolate 24646 (2314.37)
Edges when vulnerable households isolate 23051 (2285.19)
1 Values are presented with both mean and standard deviation except when there was

no variance, in which case the constant value is presented.
2 “Background” transmission links are omitted from this (and other edge) count(s).

Because they connect every individual to every other, there are always N(N − 1)/2
such edges, where N is the number of individuals in the network.

individuals depends on the ages of the two participating individuals. The particular transmission rates are83

the product of a baseline “maximum background transmission rate” (βmax
background = 0.0001) multiplied by a84

scaling factor from the “others” interactions layer from [S21].85

There are two main limitations of the age-structure data from [S21] for our analyses. First, that it is86

resolved at the country-level, so we are unable to replicate the locale-comparison (fig. 2) from the main text.87

Rather, in these analyses, we utilize United States level census data on household sizes [S2] and age [S5]88

distributions.89

Second, the provided interaction matrices only consider individuals up to 80 years old, while, for COVID-90

19, infection fatality ratios (IFR) increase substantially for individuals over 80 [S23]. In order to reconcile91

these data in our new simulations, we treat all individuals over 75 as being like the 75-80 years old individuals92

in Prem et al. [S21] and average IFR for individuals over 75 from O’Driscoll et al. [S23].93

S7.1 Age-structured simulation results94
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Figure S14: As fig. 1 in the main text, but using age-structured interaction network structure. Relative
epidemic outcomes are indicated by the columns. Individuals in the network either (rows): did not change
behaviour in response to (contact with individuals with) vulnerability status (top), changed behaviour if they
were vulnerable themselves (middle), or changed behaviour when a member of their household was vulnerable
(bottom). Multiple points within each hexagon were averaged to produce the plotted value. Mean values
were then log-scaled and normalized for each epidemic outcome such that the maximum value is 1 (yellow)
and the minimum value is 0 (purple). Each panel consists of a heatmap showing the relative epidemic
outcome of simulations spanning various levels of co-worker (vertical axis) and classmate (horizontal axis)
transmission. 19



Lo
g 

T
im

e 
to

 P
ea

k
Lo

g 
T

im
e 

to
 P

ea
k 

D
ea

th
Lo

g 
To

ta
l D

ie
d

Lo
g 

To
ta

l I
nf

ec
te

d
Lo

g 
V

ul
ne

ra
bl

e 
In

fe
ct

ed

E
pi

de
m

ic
 R

at
e

Lo
g 

A
ve

ra
ge

 In
fe

ct
io

us
Lo

g 
P

ea
k 

In
fe

ct
io

us
Lo

g 
P

ro
po

rt
io

n 
V

ul
ne

ra
bl

e
H

ou
se

ho
ld

s 
In

fe
ct

ed
Lo

g 
T

im
e 

to
V

ul
ne

ra
bl

e 
In

fe
ct

io
n

cl
as

sm
at

e
co

−
w

or
ke

r
cl

as
sm

at
e

co
−

w
or

ke
r

cl
as

sm
at

e
co

−
w

or
ke

r
cl

as
sm

at
e

co
−

w
or

ke
r

cl
as

sm
at

e
co

−
w

or
ke

r

−
0.

15

−
0.

10

−
0.

05

0.
00

0.
00

0.
05

0.
10

0.
15

0.
20

0.
00

0.
01

0.
02

0.
03

0.
04

0.
05

0.
05

0.
10

0.
15

0.
11

5

0.
12

0

0.
12

5

0.
00

0.
05

0.
10

0.
15

0.
02

0.
04

0.
06

0.
08

0.
10

−
0.

07
5

−
0.

05
0

−
0.

02
5

0.
00

0

0.
0

0.
4

0.
8

1.
2

−
0.

2

−
0.

1

0.
0

0.
1

Linear model slope estimates

(y~m1log(βclassmate
max

)+m2log(βco−worker
max

)+b)

U
ni

te
d 

S
ta

te
s

N
o 

D
iff

er
en

ce
in

 B
eh

av
io

ur
V

ul
ne

ra
bl

e 
In

di
vi

du
al

s
A

vo
id

 W
or

k/
S

ch
oo

l
V

ul
ne

ra
bl

e 
H

ou
se

ho
ld

s
A

vo
id

 W
or

k/
S

ch
oo

l

Fi
gu

re
S1

5:
A

sfi
g.

3
in

th
e

m
ai

n
te

xt
,b

ut
us

in
g

ag
e-

st
ru

ct
ur

ed
in

te
ra

ct
io

n
ne

tw
or

k
st

ru
ct

ur
e.

Q
ua

nt
ify

in
g

th
e

eff
ec

to
fc

ha
ng

es
in

tr
an

sm
iss

io
n

ra
te

s
on

ep
id

em
ic

ou
tc

om
es

.
T

he
ve

rt
ic

al
ax

is
in

di
ca

te
s

th
e

va
lu

e
of

th
e

be
st

-fi
tt

in
g

co
effi

ci
en

t
fo

r
ea

ch
tr

an
sm

iss
io

n
ra

te
in

a
lin

ea
r

m
od

el
of

th
e

fo
rm

y
∼

m
1
lo
g
(β

m
a
x

c
la
s
s
m

a
te
)
+
m

2
lo
g
(β

m
a
x

c
o
−
w
o
r
k
e
r
)
+
b,

w
he

re
y

in
di

ca
te

sa
n

ep
id

em
ic

ou
tc

om
e

m
ea

su
re

,m
n

is
a

fit
te

d
slo

pe
co

effi
ci

en
t,
β
m

a
x

x

re
pr

es
en

ts
th

e
m

ax
im

um
tr

an
sm

iss
io

n
ra

te
fo

r
in

te
ra

ct
io

n
ty

pe
x

,w
hi

ch
is

th
en

sc
al

ed
ac

co
rd

in
g

to
in

te
ra

ct
io

n
ag

e-
st

ru
ct

ur
e,

an
d
b

is
a

fit
te

d
in

te
rc

ep
t

co
effi

ci
en

t.
T

he
ho

riz
on

ta
la

xi
s

di
st

in
gu

ish
es

be
tw

ee
n

th
e

tw
o

co
effi

ci
en

ts
(m

1
:

“c
la

ss
m

at
e”

,o
r
m

2
:

“c
o-

wo
rk

er
”)

.
Fa

ce
ts

di
st

in
gu

ish
be

tw
ee

n
ep

id
em

ic
ou

tc
om

e
m

ea
su

re
s,

po
in

ts
ha

pe
sd

ist
in

gu
ish

ris
k-

to
le

ra
nc

e
re

gi
m

es
(i.

e.
ro

w
si

n
fig

.1
),

an
d

po
in

tc
ol

ou
rs

di
st

in
gu

ish
ag

e
an

d
ho

us
eh

ol
d

siz
e

di
st

rib
ut

io
n

lo
ca

le
s

(a
s

in
fig

.2
).

Ve
rt

ic
al

lin
es

ex
te

nd
in

g
be

yo
nd

th
e

po
in

t
ex

te
nt

s
in

di
ca

te
95

%
co

nfi
de

nc
e

in
te

rv
al

s
fo

r
th

e
slo

pe
es

tim
at

es
(m

os
tc

on
fid

en
ce

in
te

rv
al

sa
re

ob
sc

ur
ed

by
th

e
po

in
ts

).
To

ea
se

in
te

rp
re

ta
tio

n,
lin

es
co

nn
ec

tc
oe

ffi
ci

en
tv

al
ue

sa
cr

os
si

nt
er

ac
tio

n
ty

pe
s

fo
r

re
su

lts
fro

m
m

od
el

s
of

th
e

sa
m

e
ris

k-
to

le
ra

nc
e

re
gi

m
e

an
d

lo
ca

le
.

Po
in

ts
ar

e
sli

gh
tly

off
se

t
ho

riz
on

ta
lly

to
re

du
ce

ov
er

la
p.

O
nl

y
sim

ul
at

io
ns

re
su

lti
ng

in
at

le
as

t
5%

of
th

e
po

pu
la

tio
n

be
co

m
in

g
in

fe
ct

ed
we

re
co

ns
id

er
ed

.

20



N
o D

ifference
in B

ehaviour
V

ulnerable Individuals
A

void W
ork/S

chool
V

ulnerable H
ouseholds

A
void W

ork/S
chool

0.01 0.1 1

0.01

0.1

1

0.01

0.1

1

0.01

0.1

1

Max Classmate Transmission Rate

M
ax

 C
o−

w
or

ke
r 

Tr
an

sm
is

si
on

 R
at

e

0

5

10

15

≥ 20

Number of
secondary
infections

Figure S16: As the leftmost column in fig. 1 and as figs. S5 and S9, showing the reproduction number across
parametrizations, but using age-structured interaction network structure.
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S8 Link removal irrespective of (proximate) vulnerability95
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Figure S17: As fig. 1 in the main text, but rather than removing links in association with an individual’s
contact with vulnerable individuals, the same number of links were removed randomly from the same inter-
action types as in fig. 1. Epidemiological outcome measures (columns) were scaled to be between 0 (purple)
and 1 (yellow).
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