Epidemics 38 (2022) 100544

Contents lists available at ScienceDirect

Epidemics

journal homepage: www.elsevier.com/locate/epidemics

Check for

Modeling the effects of social distancing on the large-scale spreading of o
diseases

Paulo Cesar Ventura ®", Alberto Aleta®, Francisco Aparecido Rodrigues ¢, Yamir Moreno >%¢

2 Instituto de Fisica de Sdo Carlos, Universidade de Sdo Paulo, Sdo Carlos, SP, Brazil

b ISI Foundation, Turin, Italy

¢ Instituto de Ciéncias M iticas e de Computagdo, Universidade de Sdo Paulo, Sdo Carlos, SP, Brazil
d Institute for Biocomputation and Physics of Complex Systems (BIFI), 50018 Zaragoza, Spain

¢ Department of Theoretical Physics, University of Zaragoza, 50018 Zaragoza, Spain

ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.5281/zenodo.6 To contain the propagation of emerging diseases that are transmissible from human to human, non-

258445 pharmaceutical interventions (NPIs) aimed at reducing the interactions between humans are usually imple-
Keywords: mented. One example of the latter kind of measures is social distancing, which can be either policy-driven or
Epidemiology can arise endogenously in the population as a consequence of the fear of infection. However, if NPIs are lifted

before the population reaches herd immunity, further re-introductions of the pathogen would lead to secondary
infections. Here we study the effects of different social distancing schemes on the large scale spreading of
diseases. Specifically, we generalize metapopulation models to include social distancing mechanisms at the
subpopulation level and model short- and long-term strategies that are fed with local or global information
about the epidemics. We show that different model ingredients might lead to very diverse outcomes in different
subpopulations. Our results suggest that there is not a unique answer to the question of whether contention
measures are more efficient if implemented and managed locally or globally and that model outcomes depends
on how the full complexity of human interactions is taken into account.

Social distancing
Metapopulation model
Non-pharmaceutical interventions

1. Introduction et al. (2019) and the references therein). These behavioral changes

have been observed both in animal (Stroeymeyt et al., 2018) and

The spreading of infectious diseases is a complex process involving
two main aspects. On the one hand, the spreading capabilities of the
pathogen depend on its biological properties, the characteristics of the
host, and the many environmental factors that can play an important
role. On the other hand, the pathogen (except for vector-borne diseases)
can only spread if two hosts have some kind of contact. As such,
the behavior of the host is a key element in the study of epidemic
spreading (Funk et al.,, 2010; Read et al.,, 2012). For this reason,
many researches have focused on studying how animals and humans
interact, in order to inform mathematical models and produce better
forecasts (Wilson-Aggarwal et al., 2019; Mossong et al., 2008; Arregui
et al., 2018; Salathé et al., 2010).

Despite having acknowledged the role that behavior plays in the
spreading of infectious diseases, epidemic models usually neglect the
possibility that hosts will change their behavior due to an ongoing
outbreak (Eksin et al., 2019). An exception to this are awareness
models, in which both an epidemic and information spread at the
same time in the population and host reacts accordingly (see da Silva
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human societies (SteelFisher et al., 2009). More recently, the spread-
ing of COVID-19 has clearly demonstrated the variety of ways in
which humans react to an epidemic (Coletti et al., 2020; Jarvis et al.,
2020; Zhang et al., 2020; Feehan and Mahmud, 2021; Woskie et al.,
2021). For instance, without forceful government intervention, traffic
in Seoul’s subway declined sharply following the first deaths in South
Korea (Jewel, 2020). Conversely, several communities in other regions
of the world defied social distancing measures (Waitzberg et al., 2020;
Gollwitzer et al., 2020).

Public health authorities base many decisions on the forecasts pro-
duced by epidemic models. It is thus of paramount importance to in-
clude the effect of behavioral changes as something inherently attached
to the spreading of the epidemic (Eksin et al., 2019). Of particular
interest in this regard are metapopulation models. These models pro-
vide a simple way of incorporating the spatial heterogeneity of human
societies, while keeping them mathematically tractable. In essence, in
a metapopulation model hosts are grouped in different subpopulations,
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Table 1

List of symbols and acronyms used throughout the paper.
Description Symbol
Individual infection probability/rate (1/day) p
Recovery probability/rate (1/day) u
Basic reproduction number Ry=p/u
Contact reduction coefficient a;
Response strength exponent k
Memory coefficient 1
Mobility coefficient T
Threshold for infectious fraction £r
Individual counts in each state in subpopulation i S, I, R;
Global individual counts in each state Ng,N;, Ny
Global fractions in each state PssPrsPR
Number of nodes (subpopulations) on network 14
Number of links on network M
Number of individuals in subpopulation i N;
Total number of individuals in population N,
Maximum distance for connection on RGN d
Link weight between subpopulations i and j T;
Long-term memory scheme LT
Short-term memory scheme ST
Network RGN

and the exchange of individuals between subpopulations is governed
by certain rules. Within each subpopulation it is possible to assume
that the spreading from host to host follows the classical homogeneous
mixing approach (Lloyd and May, 1996; Colizza and Vespignani, 2008;
Aleta et al., 2017), or include more details on individual heterogeneities
through different techniques (Ajelli et al., 2010; Apolloni et al., 2014).

These models have been extensively used during the emergence
of new pathogens to study how an outbreak might propagate glob-
ally (Bajardi et al., 2009). In the particular case of COVID-19, they
have also been used to study the early spreading of the disease across
countries (Chinazzi et al., 2019), but also within countries (Costa et al.,
2020; Aleta et al., 2020; Aleta and Moreno, 2020). Yet, these models
usually focus on the effect of varying the rules governing the flux
of individuals between subpopulations, or on globally modifying the
transmission due to the introduction of public health interventions. In
this paper, our objective is to understand the role that social distancing
can play in these models and shed some light on the effect that it
can have on the spatial spreading of epidemics when the response is
heterogeneous across regions.

2. Model description

We implement a discrete and stochastic SIR-metapopulation model
composed by V' subpopulations (Keeling et al., 2004; Ball et al., 2015;
Wang and Li, 2014). In each subpopulation, individuals can interact
with each other and spread the disease following the classical SIR
model. These subpopulations are connected through a certain network,
so that an individual may travel to another subpopulation only if it
exists a direct link between the source and target subpopulations.

To include social distancing effect, either policy-driven or as a con-
sequence of fear of infection, we consider an additional coefficient that
modifies the transmissibility of individuals. This coefficient mimics the
behavioral responses of the population, and evolves according to the
densities of infectious and recovered individuals (Eksin et al., 2019). In
Section 3, we study this model in an homogeneously mixed population.
For the remaining sections, we apply the model to a metapopulation
system.

2.1. Epidemic spreading
For the SIR compartmental model, individuals are assigned com-

partments according to their infectious status: susceptible (S) if they
do not have the disease and can catch it; infectious (I) when they have
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the disease and can transmit it to susceptibles, and removed (R) when
they no longer transmit the disease after being infectious (either by
recovery or deceasing). At each model’s epidemic update, the following
rules determine the transitions between compartments: (See Table 1).

*+ S - I a susceptible individual in subpopulation i can become
infectious with probability Péal =1-010-gqp/ NI-)Ii, where g
is the individual transmission probability, N; is the number of
individuals in subpopulation i and I; is the number of infectious
individuals in the same subpopulation. The term q; is called the
coefficient of contact reduction, and depends on the considered
memory scheme as we describe later on.

« I - R: an infectious individual is moved to the R (removed)
compartment with probability PI’; g = H» which is the inverse of
the average infectious period. After this event, the individual no
longer participates on the epidemic dynamics.

The number of new infections and removals are both calculated
through binomial sampling, with distributions B(S;, P,(S — I)) for
infections and B(I;, ) for removals. Throughout this paper, we set u
to 1/4 and the basic reproductive number R, = f/u to 1.5, which is
compatible with the parameters of an influenza-like disease. In the Sup-
plementary Material we report also results with Ry = 1.2 and R, = 2.5,
the latter being compatible with the spreading of COVID-19 in 2020.
We define Ny = ZiV=l S; as the total number of susceptible individuals
in the whole population and, analogously, N; and N for the infectious
and removed compartments. The coefficient of contact reduction a; is
what determines the behavioral responses to the epidemics, and we
consider different scenarios (memory schemes) for such a response,
each one with a different definition of a;:

1. Social distancing based on global information
This scenario (or strategy) is based on the one proposed by
Eksin et al. in Eksin et al. (2019), which here we extend to
metapopulations. The coefficient of contact reduction emulates
the social response to an increase in the number of infections,
and it is a function of the total (global) number of infected and
recovered individuals, given by:

k
a[:<1_(Nl+Al['NR)> ¢h)

Since g; only depends on global quantities, its value is the
same for all subpopulations. The parameter k is the response
strength, an adjustable exponent that calibrates the intensity of
the response against the number of cases. The coefficient / is
called memory coefficient, and determines the importance of the
R compartment to the behavioral response. Following Eksin et al.
(2019), I = 0 represents the short-term memory scheme (ST),
where the response weakens when the incidence drops. The case
I = 1 is the long-term memory scheme (LT), in which the awareness
is proportional to the total accumulated number of cases. These
two limiting cases differ in many aspects, which we describe
throughout the rest of the paper.
2. Social distancing based on local information

In this variant of the previous scenario, we consider that each
subpopulation (node) responds individually, according to its
own number of cases. The expression for the coefficient of
contact reduction is:

. s k
o= (1- G LR @

i

3. Constant response after threshold
For comparison, we also implement a more traditional scenario
in which the transmissibility is reduced by a constant factor aj
once the overall number of cases N; + N, overcomes a given
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Fig. 1. Scheme of the epidemic and mobility models in a metapopulation. The SIR epidemic dynamics occur inside each subpopulation, where homogeneous mixing is assumed.
Also at each time step, individuals move between neighboring subpopulations i and j according to a mobility matrix 7};.

threshold N - ¢; (with 0 < &; < 1). Here we use only the global
cumulative information, thus g; is defined as:

1 N;+Np<Ng
ay N;y+ Ngp2>Ng;

a; = 3
and is the same for all subpopulations. This scenario can be
considered as a baseline strategy for modeling, in which social
distancing (or governments policies) is constant and independent
of the state of the system. This is often assumed as the behavioral
response in metapopulation epidemic models. (Perra et al., 2011;
Aleta and Moreno, 2020; Calvetti et al., 2020; Manfredi and
D’Onofrio, 2013).

The choice of N; and Ny (or I; and R; for local strategies) to guide
the intensity of contention measures is justified by the simplicity of
this approach. Other metrics, such as the number of new infections or
removals, could be used as well, but as these are subject to considerable
stochastic fluctuations, additional procedures would be required to
prevent the contention measures to unrealistically oscillate over a few
steps.

Throughout the paper, we use the words “memory” or “memory
scheme” for the different setups of the memory coefficient, namely LT
(I = 1) and ST (I = 0), while the word “strategy” refers to the local or
global use of information, as explained above.

2.2. Mobility model

Following a standard metapopulation framework, the mobility be-
tween subpopulations is modeled as a random walk through the links of
a graph of V nodes and M links. It is controlled by a master parameter
7 called the mobility coefficient, as well as the weights T;; of existing
links between subpopulations (nodes) i and j. During a mobility update,
each individual in subpopulation i travels to subpopulation ; with
probability p;; = 7 - T;;/N;(0), where N,(0) is the number of individuals
attributed to subpopulation i at the initial time step. The number of
individuals traveling from i to each neighbor j is calculated through
multinomial sampling for each state (S, I and R), with number of trials
given by the numbers of individuals (S}, I; and R,) and probabilities p;;.
Within this scheme, we have the following features:

+ The average number of individuals expected to travel from i to j
ist-Tj.

+ If all links are reciprocal and symmetric (i.e., T;; = T;; for all con-
nected pairs of subpopulations i, j), then the net fluxes between
the subpopulations are balanced and the population of each one
remains approximately constant, fluctuating around N;(0). We use
this configuration throughout the paper.

The probability that an individual in subpopulation i travels
anywhere is p; = 7 ), i Tij /N;(0), and may vary for each subpopu-
lation. We always set 7 to be small enough so that p; < 1 for every
subpopulation i.

During a single time step, we first perform the epidemic interactions
in each subpopulation, then update the number of individuals that
are in each state. After this, we apply the mobility rules to determine
how many individuals move through each link, and update the actual
numbers only after all fluxes have been calculated. This way, the results
do not depend on the order at which we “visit” the subpopulations
to perform the calculations. The mobility and epidemic models are
schematically represented in Fig. 1.

3. Analytical insights for homogeneously mixed populations

For sufficiently low mobility between subpopulations, the local
dynamics can be well described by an isolated homogeneously mixed
system. Also for sufficiently high number of individuals, we can use rate
equations for the expected fractions of the population in each compart-
ment, substituting S/N, I/N and R/N by pg, p; and pg, respectively.
The chosen expression for the behavioral response mechanism is simple
enough to allow for analytical manipulation. Particularly, in the long-
term (LT) memory scheme (i.e., with / = 1 in Egs. (1) and (2)), these
rate equations can be integrated to find the trajectory of the dynamical
system. In this section, we explore this tractability to extract some
insights from the model.

3.1. Long-term memory
Considering the dynamics of a single isolated subpopulation, the dy-

namical equations for the average fractions pg, p; and py of susceptible,
infectious and removed individuals can be written as:

ps =—uRypsp; - alpr, pr) @
pr=uRypspr - alpr,pr) — upy ()
PR = HP], (6)
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where Ry, = p/u is the basic reproduction number and p is now
interpreted as the recovery rate (rather than probability). For the long-
term memory, a(p;, pg) = (1-(p;+pg))* = /7’:9» given that pg+p;+pg = 1.
As described in Eksin et al. (2019), we can divide Eq. (4) by Eq. (6) to
obtain a separable differential equation:

dps k

5 — _R,pk+! (2]

dpg 0
For k > 0 and assuming that p(0) = p, > 0 and p;(0) = 6 - 0, its

solution is given by:

1
1 Tk
ps = [m +kRy(pg — Po)] 8)

Alternatively, writing p; as a function of pg:
1 _%

pr=1-pg [(1 =0 + kRy(pr po)] 9

Eq. (9) represents the trajectory of the system in a p; vs py dia-
gram, showing how the fraction of infectious individuals peaks as the
prevalence increases in the LT memory. Also, the final p, prevalence
at the end of the outbreak can be found by solving Eq. (9) for p; =0
besides the trivial solution pz = p,. The solid lines in Fig. 2 show such
trajectories for different values of the response strength k, p, = 0 and
Ry=15.

For k = 0, Eq. (7) solves as a simple SIR model which, for pz(0) = p,
and p;(0) =6 — 0, leads to a p; vs py trajectory given by:

pr=1—-pp—(01- po)e’RO(l’R’po) (10)

In the long-term memory with k¥ > 0, the contact reduction co-
efficient a(p;, pg) is a decreasing function of pp + p;, which in turn
can only increase over time. This means that a(p;, pg) will also always
decrease as if the disease contention measures are held forever. This is
not reasonable to assume for the long term behavior of a real situation
and, for this reason, we can consider that at some point after the main
outbreak, a(p;, pg) is set to 1 again, which we call henceforth a system
release (representing a release of the contention measures).

For instance, consider that a system release occurs when the fraction
of infectious individuals reaches a small value § > 0 after the main out-
break initiated. This comprises the fact that, during the time evolution
given by Egs. (4) to (6), p;(¢) tends to but never actually reaches zero.
For the calculation of the p; vs py trajectories though, we can consider
& — 0. After the system is released, the trajectory follows Eq. (10) with
po set to the final size of the first outbreak. In Fig. 2, the dashed lines
represent the secondary outbreaks produced after the system’s release.

As observed in the figure, a system release can generate a second
outbreak which, for higher values of k, can be greater than the first
one. This happens because, although the long-term memory scheme
effectively reduces the size of the first outbreak (both in p; and p;),
it may leave the system under its herd immunity threshold, and thus
vulnerable to new outbreaks (Lu et al., 2021). In this homogeneous
model, the threshold for herd immunity is given by pj,.q = 1 — Ral,
meaning that for pp > p;,., the fraction of infectious individuals can
no longer increase. If the disease dies out before the prevalence reaches
that value, the system will experience a new outbreak if the social
distancing measures are relaxed and the disease is reintroduced in the
population. Note that the critical value of k for reaching herd immunity
at the first outbreak is k = 1, for which the final outbreak size is exactly
solved as p; =1- Ral, as noticed by Eksin et al. (2019).

3.2. System resets

Besides releasing the system after the first outbreak, we propose an-
other way to work with multiple outbreaks in the LT memory scheme.
What makes the a(p;, pg) coefficient to be by default strictly decreasing
is its dependence on pg, which holds a “long-term memory”. We can
modify and possibly reset such memory by subtracting a constant
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Fig. 2. Analytical trajectories of the homogeneously mixed long-term (LT) memory
with system release after the first outbreak (i.e., complete lift of the contention
measures). The trajectories are combinations of Egs. (9) (solid lines) and (10) (dashed
lines) with p, set to the size of the first outbreak. R, is set to 1.5.

po from the prevalence that is considered for the contact reduction
coefficient a(p;, pg). If we do this right after the main outbreak and set
po to the recovered fraction at that time, then a(p;, pg) is momentarily
reset to 1 (i.e., no contention measures), but the system will still react in
the event of another outbreak. We call this a system reset (the memory
of the population is reset, but the social distancing measures still apply),
in contrast with the simpler system release described in the previous
section (in which the contention measures are completely removed).
We are again assuming that p,; is arbitrarily small at the end of an
outbreak.

During this new round of the dynamics, Eq. (4) divided by Eq. (6)
yields the following differential equation:

dpg

— =—Ry - (ps — pp)"* amn
dog 0" WPs —Po) Ps

which is still separable, but for p, > 0 solves into a less insightful
expression:

Ry - (pr = po) = P, i (ps) 12)
where we define:

_ /l_po _du 13)
o p)t

1-py

k
=—;(1+@) F1<k,k;k+1,—@)
k(u+ py)k u/ 2 wl,

Ppo,k(ﬂs)

where , F is the Gaussian hypergeometric function. Egs. (12) and (13)
provide py for any given pg. For each of these values, p; is calculated
as p; =1 - pg — pg, which finally allows the construction of a p; vs pg
trajectory.

Fig. 3 shows the trajectories of the model with system resets, for
different values of k. The first outbreak of each simulation run is
represented by solid lines, and are traced using Eq. (9). For the runs that
did not achieve the herd immunity threshold (which is shown as a black
dot-dashed line), subsequent outbreaks are represented by dashed lines
and traced using Egs. (12) and (13). In this scenario, stricter contention
measures (that is, higher k) always cause smaller infectious peaks, but
can generate more secondary outbreaks, making it more difficult to
comply with the measures. The inset of Fig. 3 shows in more detail
the secondary outbreaks for k = 2,4 and 8, where we can see that there
are multiple outbreaks with decreasing peak size.
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Fig. 3. Analytical trajectories of the homogeneously mixed long-term (LT) memory
scheme with system resets. The first outbreak (solid lines) follows Eq. (9), while
subsequent outbreaks (dashed lines) are traced using Eqgs. (12) and (13). The inset
shows a sub-region of the main plot (indicated by a blue dotted rectangle) where
secondary outbreaks are more easily visible, showing how there may be multiple and
successively smaller peaks. R is set to 1.5.
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Fig. 4. Numerical trajectories of the homogeneously mixed short-term (ST) memory,
obtained from Runge-Kutta integration of Egs. (4) to (6) starting with p,(0)=1- 1073
and pg(0) =0. R, is set to 1.5. Unlike the LT memory, the system always reaches the
herd immunity condition in a single outbreak, without considering any modification to
the baseline model.

3.3. Short-term memory

For the short-term (ST) memory scheme, the coefficient of contact
reduction depends only on p;, being written as a(p;) = (1 — p;)¥ =
(pr + pg)¥. This breaks the separability of the differential equation
obtained by dividing Egs. (4) and (6), leaving no simple method to
solve it for arbitrary values of k. We can still use a classic Runge—
Kutta of order 4(5) (this is, of order 4 with error correction of order
5) (Dormand and Prince, 1980) to integrate the equations in time, and
plot the p; vs py trajectories.

Fig. 4 shows the numerically solved trajectories of the system for dif-
ferent values of k. The main difference with respect to the LT memory is
that the system eventually reaches the herd immunity condition within
the first and only outbreak. Higher values of k reduce the size of the
peak in p;, at the expense of larger time-span in which the contention
measures have to be sustained. This cannot be visualized in Fig. 4 as the
time parameter is implicit, but we further explore the interplay between
peak size and time span in Section 5.1. Note also that even for very
large values of k the final fraction of removed individuals is beyond
the herd immunity threshold.
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4. Global strategies and the heterogeneity of local features

The previous analysis has shown that, even if local extinction might
be achievable with social distancing, it renders the system vulnerable
to further reintroductions of the pathogen. Thus, if mobility between
subpopulations is allowed, there could be spill overs from those with
still ongoing outbreaks to those which contained the epidemic. To study
this type of events, we now focus on the proposed model in a metapop-
ulation using Monte Carlo simulations, with the algorithm described in
Section 2. For the metapopulation, we use a random geometric network
(RGN) of ¥V = 50 subpopulations, constructed in a square space of
length 1 and connecting subpopulations that are closer than d = 0.25. At
this initial point, all links are unweighted and reciprocal. This gives an
expected average degree of V' zd? ~ 9.82, though the specific realization
we used through this paper has an average degree of 7.2. We choose
such a network topology because it emulates the spatial distribution of
cities in small to mid scale, where size hierarchy and long-range links
are not very present. In this comparison, each subpopulation represents
either a city or a small set of cities (such as a province), inside which
homogeneous mixing is assumed.

Once this unweighted graph is constructed, we set the initial popu-
lation of each subpopulation i proportional to its degree k;, according to
Ni(0) = [N, k;/2M)], where we set Nyop = 107 and M is the number
of links of the network. This makes the overall population to be not
exactly but very close to N,,,,, only deviated due to truncation. Then we
set the weights of existing links between subpopulations i and j as T;; =
N;{(O)N;(0)/N,,, = Tj;- Within this scheme, the local population sizes
fluctuate around N(0) over time, as explained before. Moreover, the
most connected subpopulations are also most populous ones, though
the RGN is reasonably homogeneous in this sense, in comparison with
a scale-free topology for example. For consistency of the results, we
also use a fixed subpopulation as the seed of the disease, seeding
10 infectious individuals at the beginning of the simulations, with
all other subpopulations starting with susceptibles only. The seeded
subpopulation was chosen to be around the center of the square space.

4.1. Long-term (LT) global strategy

For the long-term (LT) memory with global information strategy,
we can compare the outcomes of the simulations with those of a
constant response after a threshold (explained in Section 2.1). Fig. 5
shows the outbreak size (total number of infected individuals) in each
subpopulation for the two strategies, each one averaged over 1000
independent runs. The constant coefficient of contact reduction a, =
0.78 was chosen to yield a global outbreak size of ~ 0.20, approximately
equal to that obtained with the LT global strategy with k = 2. We
notice that the LT memory provides more heterogeneous outcomes
between subpopulations compared to the constant response. Especially,
as it can be seen in Fig. 6, subpopulations that are farther from the
seed tend to have smaller outbreak sizes. This happens because, in
the global LT strategy, the intensity of contention measures due to
public awareness is the same for all subpopulations and increases with
time, thus subpopulations that are seeded later have smaller effective
reproduction numbers.

The fact that our proposed model for behavioral responses with
global strategy produces more heterogeneous outbreak sizes is noto-
rious, as this is generally observed after outbreaks of real diseases.
In particular, this situation is compatible with the one observed in
2020 during the COVID-19 pandemic in those countries that imposed
strict global lockdowns even if only part of the country was severely
affected (Pollan et al., 2020; Riccardo et al., 2020; Chinazzi et al.,
2019). In contrast, a local strategy would lead to more homogeneous
outcomes.
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Fig. 6. Local outbreak size (given by the maximum of R;/N, over time) in each
subpopulation as a function of its shortest path length to the seed, for global LT strategy
with response strength k = 2 (circles) and for constant response with factor a, = 0.78
(squares). The y-axis values represent averages over 1000 independent runs. The boxes
show the inner quartiles of each set. The mobility coefficient is set to = 1-1073.

5. The efficiency of local and global strategies

We now describe a framework to compare local and global strategies
in terms of their efficiency, characterized by the costs and benefits
of each strategy. Direct comparison of simulations with global and
local strategies using the same response strength k is inappropriate,
as global strategies require greater values of k to yield similar effects.
We therefore define two metrics, one for the cost and another for the
effectiveness, and compare local and global strategies in parametric
plots of such metrics (with k as an implicit parameter). As long-term
and short-term strategies are qualitatively different, we apply different
metrics to characterize each one.

5.1. Short-term (ST) memory

The short-term memory scheme, in which the contact reduction
coefficient only responds to the (either local or global) density of
infectious individuals, is characterized by a slow progression of the
system towards its herd immunity. A higher value of the response
strength k represents a more effective response, which reflects into a
smaller prevalence peak (i.e., the maximum p;) yet longer outbreak
duration. The outbreak size (i.e., maximum of pz) however does not
vary much with k, as it essentially depends on the herd immunity limit
of the system. Therefore, the infectious peak size p7"®* is a reasonable
measure of effectiveness in this case, with smaller peaks attributed to
more effective strategies.

Higher values of k also imply more time in which contention
measures are active to control disease propagation. This translates into
a; being smaller than 1 during longer times. We can quantify “how
much and for how long” the contention measures are applied with the
quantity:

o
Ji= Y (- a) a4
=0
which accounts for the intensity and time span of the contact reduction.
This provides, in a broad sense, a metric for the cost of a strategy in
the short-term memory scheme, considering that contention measures
typically bring costs to the population. Notice that these metrics must
be calculated for each subpopulation.

For the same population and RGN structure described in Section 4,
we compare local and global strategies with respect to p7'** and J for
simulations with different values of k. Fig. 7 shows the plots of these
metrics against each other, grouped by sets of subpopulations according
to their distance to the seeded subpopulation. The metric values are
averaged over 1000 independent runs.

From the plots, it is clear that local strategies outperform global ones
for all subpopulations, as the former produces much smaller peaks sizes
for similar values of J in the considered range. This means that, for the
ST memory, the use of local information about contagions is more effi-
cient than using a unified, global strategy. This happens because using
global information may not be well suited for the epidemic situation of
a given subpopulation. For instance, subpopulations that are far from
the seed effectively apply the contention measures before the epidemic
arrives, but as these measures are relaxed at some moment (when the
global prevalence decreases), these subpopulations will still undergo
an intense outbreak, given that they were only subject to minor out-
breaks and the majority of the individuals in these subpopulations are
susceptible.

Although we only display the results for a single value of the
mobility coefficient z = 1073, the same conclusions are obtained for
7 = 1072 and 1074, but the advantage of local strategies over global
ones is more pronounced with lower mobility rates. This is expected,
because with lower 7 values, the dynamics of each subpopulation is less
coupled by mobility, making local strategies more practical.

5.2. Long-term (LT) memory

In the long-term memory scheme, the overall intensity of contention
measures increases with time (though it can locally decrease due to
migration), as they are proportional to both I and R densities. As
shown in Section 3 for homogeneous mixing, for sufficiently high k,
the epidemic spreading is halted before herd immunity is achieved,
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prevalence p;, while J is given by Eq. (14).

leaving the system vulnerable to secondary waves in case of a system
release without other immunization policies. We can still characterize
the effectiveness of the strategy in this first wave, either by its outbreak
size (p‘Ea") or by the peak size (p‘I“aX). For consistency with Section 5.1,
we chose to work with p7® as well.

For the cost of the strategy, the metric J (given by Eq. (14)) does
not provide a reliable measure, as in this case g4; does not approach
1 again at the end of the main outbreak, making J overly sensitive to
the time taken until the epidemic vanishes. We choose instead to simply
work with ap,,, = 1 — mina(r), which is the maximum level of contact
reduction adopted by the subpopulation during the simulation. This
metric disregards the temporal evolution of ¢; (making it inappropriate
as a cost of the ST memory), but provides a number that is proportional
to the level of contention measures adopted by the subpopulations in
the LT memory, being more adequate for this scheme.

Using the same RGN setup, we find that the cost vs effectiveness
curves are more complex for the LT strategies than for the ST ones.
Fig. 8 shows the p}R® x ap,, parametric curves for local and global
strategies, and for three values of the mobility master parameter z =
1072, 1073 and 10~*. In this case, there is not a clear advantage of local
strategies over global ones, and this depends both on mobility levels
and the distance to the seed. For instance, when = = 1072 (Fig. 8(a)),
a local strategy is better for the seed, while it is generally worse for
more distant subpopulations. For immediate neighbors of the seed (one
step away), the curves cross each other, making the optimal strategy to
depend on the value of k.

For lower mobility values (Fig. 8(b) and (c)), another interesting
feature is evident: the curves for the local strategies are not monotonic
with the cost, meaning that two strategies (given by two different
values of k) may have the same cost but notably different effectiveness.
This happens because the contention measures in the LT memory
scheme can affect the invasion threshold and attack rate of the system,
preventing some subpopulations from being reached by the disease for
sufficiently high k. In this case, as the strategy is based on local preva-
lences, these subpopulations will not have to implement contention
measures, which explains the decrease in the strategy cost.

6. Local and global strategies with real metapopulations

The simulations described in Section 5 were performed in a simple
RGN topology, which is notably homogeneous. The mobility coefficient
7 is chosen to be not much greater than the invasion threshold of
the system, resulting on the interesting relationship between local and
global strategies, especially for the LT memory. This has important
value to understand the model we propose.

However, for emerging diseases in real world, most systems will be
far above their invasion threshold. Moreover, real topologies are hier-
archical and differ from an homogeneous topology. To complement our
work, we simulate the SIR model with contention measures in two sub-
populations based on real mobility and demographic data: one for Spain
and another for Brazil. The Spanish demographic data was obtained
from the Spanish Statistical Office (2020), while the mobility matrices
were provided by the Ministry of Development of Spain (Anon., 2019).
The Brazilian metapopulation uses demographic and daily commuting
data from the Brasilian Institute of Geography and Statistics (IBGE)
(2020), air transport flows from the National Agency of Civil Aviation
(ANAC) (2020) and interstate buses from National Agency of Terrestrial
Transportation (ANTT) (2020). More details about these data sets are
found in the supplementary material.

By comparing the outcomes of the simulations between the Brazilian
and Spanish metapopulations, we can better understand the role of the
scale of the population in the decision between a local and a global
strategy. Fig. 9 shows the parametric cost vs effectiveness curves of
the local and global strategies for the ST memory, for both Spanish
(upper panels) and Brazilian (lower panels) populations. In each case,
the disease was initiated in the subpopulation with greatest number of
individuals: the province of Madrid in Spain and the state of Sdo Paulo
in Brazil. In this case, the seeded subpopulation has non-null mobility
flows to all other subpopulations, therefore we only plot the curves
for the seeded subpopulation, the immediate neighbors (which are all
subpopulations except the seed) and the whole network.

As in this more realistic population the mobility is considerably
higher than in our synthetic setup from previous sections, the differ-
ences between local and global strategies are milder. Nevertheless,
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simulation.

it is clear that a local strategy is always better in cost/benefit than
a local one for the ST memory, using J (Eq. (14)) as the strategy
cost. The difference is particularly visible for the seeded subpopulation,
but also present for the rest of the network. Besides this, it is clear
that the Brazilian metapopulation presents a higher difference between
the strategies. This happens mainly because the difference in scale:
Spain is a densely connected population, with strong mobility flows
between provinces. The mobility is also highly centralized around
Madrid. Brazil, on the other hand, is a much larger country with less
relative mobility between its states. Also notoriously, the most populous
state in Brazil (Sao Paulo) has roughly the same population as the whole
Spanish country.

In Fig. 10, we show the same results for the LT memory, using the
anax instead of J as the strategy cost. Notice that, again, the Brazilian
metapopulation displays greater difference between local and global
strategies. However, for the LT memory scheme, the local strategy
seems to be better for the seeded subpopulation, while the global
strategy is more appropriate for the rest of the network. For high cost

strategies, the curves seem also to converge to the same cost as the peak
size goes to zero.

By looking at the results from Figs. 9 and 10, we conclude that, for
real topologies (which display high mobility flows and heterogeneity
between subpopulations), the complicated interplay between local and
global strategies is not observed. Yet the main conclusions from Sec-
tion 5 are still valid: in the ST memory, there is a clear preference
for the local strategy, while in the LT memory the choice depends
on the circumstances and desired goals for the contention. Notice
that we only compare the extreme cases of purely local and global
strategies; in reality, “mixed” approaches may be used for optimal
disease contention.

7. Secondary outbreaks in the global long-term memory with re-
sets

We adapt the metapopulation model with a long-term global strat-
egy to consider system memory resets, as explained in Section 3.2.
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This allows us to analyze secondary outbreaks caused by a relief in
the contention measures, represented here as a reset in the “memory”
of the contact reduction mechanism (that is, the value of py in the g;
coefficient).

The system resets are implemented as follows: the contention mea-
sures are activated when the overall fraction of infectious individuals p;
surpasses an activation threshold 6i1n = 10~* (activation threshold), and
then deactivated (possibly after an outbreak) if p; goes under another
threshold e‘,’“‘ =08-10"* < €5. At each activation event, the “memory”
of the system is reset, that is, the coefficient of contact reduction is
given by a;(t) = (1= (p; (1) + pr(t)— py))¥, with p, set to the value of py at
the moment of the activation event. This mechanism is slightly different
from that used in Section 3.2 for the rate equations model, but the
distinction 9" < ei,“ is needed in stochastic simulations so that small
fluctuations around ¢; do not increase the number of outbreaks. To
control the number of secondary outbreaks, we also limit the number
of system reset events to 10. If this number of reset events is reached

before the extinction of the epidemics, the system is then released, that
is, a; is permanently set to 1.

In Fig. 11, we show the time series of the fraction of infectious
individuals of each subpopulation (colored thin curves), as well as the
global fraction of infectious individuals (black shaded curve) and the
value of g; over time (red dashed curve) for a typical execution of
the model. Using the same RGN population as in previous sections,
we set the response strength as k = 5 and the mobility coefficient
to ¢ = 1073, Each vertical ascent of the a; value represents the
occurrence of a system reset. We notice that, at each reset, a new
set of local outbreaks occurs, raising again the overall incidence and
leading the system to readopt contention measures. Differently from the
homogeneously mixed case (as in Fig. 3), the secondary outbreaks can
be greater in peak size than the first one. This feature is an essential
difference between homogeneously mixed populations and structured
ones like a metapopulation, and occurs because some (usually many)
subpopulations are not reached by the primary outbreak.
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We can better understand this feature by looking at the local inci-
dence. Fig. 12 shows a network map of the greatest peak size (given by
p7) of each subpopulation, along with the time series of the fraction
of infectious individuals for some selected subpopulations (lateral pan-
els). The curve of panel (a) corresponds to the seeded subpopulation,
displaying a single and pronounced peak in the early stage of the
process. Other subpopulations may also present a single main outbreak
(as in panel (e)), two (separate or close) outbreaks ((d) and (c)) or
even more outbreaks ((b) and (f)). Even though this model is not
focused on COVID-19, we can leverage the information collected during
the pandemic to put these numbers into perspective. The maximum
reductions observed in the figure go up to 40%. Since in this manuscript
we have set R, = 1.5, this leads to an effective reproduction number
of ~ 0.9. To achieve the same value with the reproduction number of
COVID-19 during 2020 (R, = 2.5), we would require a reduction of
the order of 65%. Estimates from several countries have established
that the reduction in the number of contacts during the earliest phase
of the first wave was around 70%-80%, decaying later on to values
in the order of 30%-40% (Coletti et al., 2020; Jarvis et al., 2020;
Zhang et al., 2020; Feehan and Mahmud, 2021). As such, the spatial
heterogeneity observed in this model is compatible with the one caused
by the contention measures during the COVID-19 pandemic (Costa
et al., 2020; Sun et al., 2020; Dong et al., 2020; Starnini et al., 2021).

The features of a simulation with system resets are better pre-
sented through a single, typical run of the simulation, as we show
in Figs. 11 and 12. We still need to ensure that the observed pattern
of multiple outbreaks is a solid feature of our model. We do this by
counting the number of outbreaks of each time series, then plotting
histograms for 1000 independent runs. We use a simple algorithm to
determine the number of outbreaks of each local time series, described
as follows: every time the fraction of infectious individuals crosses a
given threshold ¢;, = 1 - 1073 from below and, posteriorly, another
threshold ¢y, = 0.5¢;, < ¢;, from above, an outbreak is accounted,
and the time interval between these two crossings is regarded as a
single outbreak. The difference between the two thresholds reduces
spurious detection of outbreaks due to stochastic fluctuations around
the threshold, though this may still marginally occur. We verified that
this choice of parameters prevents most of these spurious detections,
while still being able to separate consecutive major outbreaks. The
purple shaded areas in each time series of p; (panels a to f) indicate
periods of time in which an outbreak was occurring, according to this
simple detection algorithm. It can be seen that it performs reasonably
well on separating multiple peaks.
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Fig. 13 shows the statistics of accounted local outbreaks. On panel
(a), the number of outbreaks for each subpopulation and each of the
1000 runs is put into a single histogram, showing that most subpopula-
tions present a single outbreak, but often higher number of outbreaks
also occur. On panel (b), we take the average number of outbreaks over
all subpopulations in a single simulation run, then plot a histogram for
the runs. From it we see that the typical average number of outbreaks
is between 1 and 1.4, meaning that most runs present at least some
subpopulations that undergo multiple outbreaks.

The main points to be discussed from the results of this section are
the following: (i) the occurrence of multiple outbreaks and (ii) the het-
erogeneity of their features over subpopulations and simulation runs.
The first point is a more or less obvious consequence of the mechanism
that we introduced: automatic memory resets, which represent a relief
to the contention measures. Nevertheless, it is important to demonstrate
that our model is capable of producing multiple outbreaks. The second
point, heterogeneity of the outbreaks, can be more clearly observed in
Fig. 12, as each node can display a considerably different epidemic
timeline. Heterogeneity over different runs is visible in Fig. 13.(b),
showing that each run can have substantially different average numbers
of outbreaks. In Section 5 of the supplemental material, we show how
these histograms are affected by the intensity of contention measures
and mobility scales.

8. Conclusions

We have presented a model that incorporates dynamical behavioral
responses to epidemics, which could be driven by governmental policies
or by the endogenous response of individuals (e.g. fear of infection), in
the context of metapopulations. The emerging features of the model are
very rich, showing a complex landscape of outcomes depending on the
implemented memory scheme and strategy.

First, we have shown that for isolated populations, strong social
distancing measures (LT) are able to ablate the epidemic, but render
the system vulnerable. Indeed, as long as the prevalence is below
the herd immunity threshold, a reintroduction of the pathogen after
the measures are lifted will inevitably lead to a second wave. On
the other hand, soft social distancing measures (ST) contain the ex-
ponential growth of the epidemic and leave the system in a state in
which the prevalence is over the herd immunity threshold, preventing
further outbreaks. Note, however, that for a severe disease in which
the infection fatality rate is substantial, larger prevalence implies a
larger number of deaths. Thus, stronger social distancing policies will
reduce the number of deaths at the expense of leaving the system
vulnerable, while softer measures will control the spread but increase
the number of deaths. These observations are particularly important in
the context of metapopulations. Since subpopulations are not isolated,
in the absence of additional control measures, the disease might be
seeded again in disease-free areas by individuals who where infected
in other regions. Thus, besides long and short term strategies, we also
need to incorporate whether the contention measures use global or
local information.

We compared LT and ST memory schemes of our model, in an
attempt to address the question of whether the contention measures
are more efficient if implemented and managed locally (at each sub-
population) or globally (equally in the whole population). For the
ST memory, we measured its cost by the J metric that quantifies
the intensity and duration of the contention measures, and used the
maximum number of simultaneous infections (i.e., the peak size) to
quantify the strategy’s performance. We showed that the local strategy
always outperformed the global one, which is valid for any value of
the mobility parameter. For the LT memory, we quantified the cost by
the maximum intensity reached by the contention measures, and the
performance by the peak size. In this case, the cost/benefit relationship
was more complex, depending on the mobility rate and the distance
to the seeded subpopulation. Global strategies are generally better for
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distant subpopulations (with respect to the seed). This situation was
precisely the one that emerged in the first wave of infections in 2020
during the COVID-19 pandemic in countries that imposed country-
wide lockdowns even if only one region was severely affected (Pollan
et al., 2020; Riccardo et al., 2020; Chinazzi et al., 2019). Yet, this is
reversed if the mobility is low enough so that the local strategy can
stop the epidemics before these nodes are reached. For the seeded
subpopulation and its neighbors, local strategies are typically preferred.
For this type of memory scheme, therefore, the choice between global
and local strategies is not trivial and should be addressed appropriately.

We extended the comparison between local and global strategies
to data-informed metapopulations, for Spain and Brazil. These differ
from the considered RGN by the heterogeneous/hierarchical structure
and the greater mobility flows. The comparison with the results in
the RGN let us conclude that the local strategies are still better than
global ones for the ST memory, while they are only better for the
seeded subpopulation in the LT memory scheme. Comparison between
the Brazilian and Spanish metapopulations highlight the role of scale:
a larger and less connected population (Brazil) will display greater
difference between local and global strategies than a smaller, denser
population (Spain).

It is important to notice that long-term strategies assume a per-
manent adoption of contention measures, which leaves the system
vulnerable to secondary outbreaks if these measures are lifted. We
address this by implementing memory resets which, after outbreaks,
instantly lifts the intensity of contention measures but leaves its mech-
anism active. Due to the residual presence of infectious individuals,
the system faces secondary outbreaks. Thus, subpopulations that expe-
rienced a milder first wave, might have worse outcomes in subsequent
waves. Besides, regardless of the contention measures, once they are
lifted the system keeps progressing towards the herd immunity thresh-
old, but each population might experience waves of different intensity
at different times. The spatial heterogeneity driven by contention mea-
sures depicted in this paper is compatible with the one observed during
the COVID-19 pandemic in several regions of the world (Costa et al.,
2020; Sun et al., 2020; Dong et al., 2020; Starnini et al., 2021).

In summary, we have shown than even in a simple metapopulation
model a very complex scenario emerges. Depending on the mobility
and distance to the seed, local vs global strategies yield different results
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and introduce different heterogeneities. As such, the full complexity of
human gatherings and behaviors should be accounted for to effectively
deal with emerging diseases.

Our work sets a new framework to considering social distancing
behaviors during emerging epidemics, and we are aware of multiple
possibilities to extend it. For example, the inclusion of disease-driven
mobility reduction or targeted travel restrictions (Feng and Jin, 2020)
could considerably modify the dynamics, possibly enhancing the ef-
fectiveness of local strategies. The model (in particular with the LT
memory) could also be extended to include vaccines and other phar-
maceutical interventions at some point, creating immunity by other
means rather than infection and relieving the contention measures.
Additionally, the behavioral responses mechanism can be enhanced
with opinion dynamics and game theory, regarding the willingness to
adopt protection measures. Some of these models for homogeneous
mixing (Amaral et al.,, 2021) could be employed at the subpopula-
tion level. These feature leads to overall weaker responses, but also
introduce interesting dynamical features.
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