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S2.1 Introduction 14

The results regarding the future risk of ZIKV outbreak in Managua, Nicaragua presented in the main 15

analysis rely upon several hypotheses and modelling choices. The potential effects of two main points of 16

uncertainty, the rate of immunity loss and the introduction of targeted vaccination, were evaluated in the 17

main text. Here, we assess the potential effects on our results of several additional features that were not 18

considered in the main analysis. 19

S2.2 Seasonality 20

Variations in vector abundance according to the season may result in a variation in the transmission rate 21

according to yearly cycles. We explored the effect of seasonality using the approached proposed by Netto 22

et al. (2017) [1], that is based on a forcing cosine function f with a frequency of 52 weeks (equation 1). 23

The amplitude α and the shift κ of the cosine function are estimated from data: 24

f(t, α, κ) = 1 + α× cos

(
6.283(t− κ)

52

)
(1)

All things being equal, introducing seasonality will lead to an increase of the estimated transmission 25

rate at certain times of the year, as in this case the decrease in incidence towards the end of the epidemic 26

is not only caused by a lack of susceptibles, but also by the seasonal decrease in transmission. In forward 27

simulations, this may lead to an earlier increase of the risk of outbreak if introductions happen at a 28

favourable time. However, as the shift of the seasonal cycle κ is estimated from data, this model assumes 29

that disease introduction in the population took place on the most optimal time. This could lead to an 30

underestimation of the transmission rate if disease introduction occurred at a less optimal time in the 31

season. 32

We compare our baseline model ignoring seasonality (“No seasonality”, Fig. 1A-D) with a model 33

including seasonal forcing with α and κ informed by data (“Flexible seasonal forcing”, Fig. 1E-H) and 34
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Figure 1: Model implemented without seasonality (A-D). Model implemented with flexible seasonal forcing:
κ and α are estimated from data (E-H). Model implemented with full seasonal forcing: κ is estimated
from data and α is fixed at 1 (I-L).
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a model including seasonal forcing with α fixed to 1 (“Full seasonal forcing”, Fig. 1I-L). Compared to 35

no seasonality, including a flexible seasonal forcing leads to a peak estimate of R0 higher by 6%, and 36

including full seasonal forcing higher by 12%. 37

We considered the impact of an augmentation of the transmission rate by 12% on the model predictions 38

(Fig. 3, scenario n◦2). Such an increase would result in a reduction of the time window before observing a 39

rise in the risk of ZIKV outbreak (21 years until 50% of reintroductions result in outbreaks, compared with 40

31 years in the baseline model) and an increase of the attack rate at year 2047 to 15.3% (IQR: 11.2–18.4), 41

compared with 3.6% (IQR: 2.0–6.2) in the baseline model. 42

S2.3 Varying vector densities 43

Changes in vector density may result in an increase or a decrease of the transmission rate. Vector densities 44

may change over time according to human population densities and climate [2]. The complex interactions 45

between climate, human demography and vector abundance make long term predictions of future vector 46

abundance difficult. Therefore, we considered the impact of both an increase and a decrease of the 47

transmission rate on our estimate of the future risk of ZIKV outbreak. 48

As reported in the previous section, an increase of the transmission rate by 12% would result in an 49

earlier increase of the risk of outbreak and higher average attack rates (Fig. 3, scenario n◦2). Conversely, 50

a decrease of the transmission rate by 12% would extend the time window before observing a rise in the 51

risk of outbreak (44 years until 50% of the simulated introductions result in outbreaks, Fig. 3, scenario 52

n◦3). The average attack rate in 2047 would be 1.6% (IQR: 1.3–2.5). 53

S2.4 Migration 54

Human migration may impact the future evolution of the proportion of susceptible individuals in Managua, 55

Nicaragua. We considered the effect of urbanization, or an influx of rural inhabitants, which is a 56

plausible scenario in this particular context [3]. Evidence suggests that rural populations have lower 57

seroprevalence [4]. Urbanization might thus result in a quicker decline of protective immunity in the 58

population than expected. 59

The International Institute for Applied Systems Analysis (IIASA) produces predictions of population 60

and urbanization according to different Shared Socioeconomic Pathways (SSP) storylines. SSP storylines 61

are different narrative scenarios of how trends change over time [5]. We considered a scenario where 62

the projected urbanization in Nicaragua follows the SSP2 or “middle of the road” storyline [6]. This 63

implies that the proportion of urbanization in Nicaragua will rise from 60 to 79% between 2015 and 2100 64

(Fig. 2). We considered an extreme situation where urbanization consists of an influx of fully susceptible 65

individuals with a median age of 30. Under these conditions, the time until 50% of reintroductions result 66

in an outbreak would decrease from 31 to 23 years and the attack rate in 2047 is 12.7% (IQR: 8.7–16.2) 67

(Fig. 3, scenario n◦1). 68

2020 2040 2060 2080 2100

0
20

40
60

80
10

0

Nicaragua − Year

P
ec

en
ta

ge
 u

rb
an

iz
ed

2020 2040 2060 2080 2100

0.
00

0.
02

0.
04

0.
06

Nicaragua − Year

U
rb

an
iz

at
io

n 
ra

te
/5

 y
ea

rs

Figure 2: Proportion and rate of urbanization in Nicaragua according to the SSP2 scenario [6].
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Figure 3: Comparison of the predicted evolution of protective immunity (A); the distribution (B) and the
average (C) of the attack rates resulting from the reintroduction of ZIKV in the population each year;
and the proportion of reintroductions resulting in an outbreak with attack rate ¿1% across four modelling
scenarios: baseline scenario used in the main analysis (n◦0), scenario including migration from rural areas
(n◦1), scenario corresponding to a transmission rate increased by 12% (n◦2) or decreased by 12% (n◦3).

S2.5 Endemic transmission 69

In the main analysis, we considered that ZIKV entirely disappeared from Managua, Nicaragua after the 70

epidemic waves of 2015-2017. This assumption is coherent with the sharp decline in reported cases of 71

ZIKV on the continent after 2017 and the limited evidence on ZIKV infection of new world monkeys 72

(limiting the establishment of sylvatic endemic circulation cycles [7]). If low level circulation exists and 73

ZIKV becomes endemic in the Americas, repeated reintroductions in Managua, Nicaragua would occur 74

which would have implications on our projections. 75

We considered this scenario by modifying the rate of reintroduction of ZIKV in our simulations. In 76

the main model, we consider a single introduction per simulation, corresponding to an epidemic setting 77

where ZIKV does not circulate and has to be reintroduced from outside. To mimic endemic circulation, 78

we consider continuous reintroductions of ZIKV into our population with a monthly probability of 1/12 79
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(on average one introduction per year), in the presence and absence of seasonality (Fig. 5). 80

With these conditions, the time until 50% of the simulations result in an outbreak where at least 1% 81

of the population is affected would be 23 years in absence of seasonality, and 22 years when seasonality 82

was considered (Fig. 4). The median attack rate in 2047 would be 2.5% (IQR: 1.7–4.1) in the absence of 83

seasonality and 5.1% (IQR: 2.3–13.9) when seasonality is considered. Continuous reintroductions would 84

also result in a lot more variability due to stochasticity. 85
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Figure 4: Comparison of the different ABM simulation scenarios taking into different levels of endemicity
and seasonality and the effect on the proportion of outbreaks. Baseline scenario with one reintroduction
per simulation (0), continuous reintroductions without seasonality (1), continuous reintroductions with
seasonality (2).
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Figure 5: Comparison of the different ABM simulation scenarios taking into different levels of endemicity
and seasonality. Red arrows represent ZIKV reintroductions. (A) A single reintroduction per simula-
tion with no seasonal fluctuation of the transmission rate, baseline scenario. (B) Random continuous
reintroductions each year without seasonality. (C) Random continuous reintroductions each year with
seasonality. The thick white line in panel B and C, represent the median attack rate of the baseline model
(A) for comparison.
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