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Results

Interaction of drug coverage, timing and population structure

In the randomly mixed population, an intermediate level of drug coverage minimized the number of cases in subsequent waves and there was a non-trivial interaction between drug coverage and timing. When drugs were taken early, 40% coverage minimized the case load in later waves whereas when drugs were taken late, 60% minimized the case load (Figure S6 A & B). However, in the structured population, drug coverage above a threshold (60% for early treatment, 40% for late treatment) impacted case load similarly in later waves, such that any level of coverage above this threshold minimized the case load in later waves (Figure S6 D & E). This is because the combined effects of decreased attack rate from higher drug coverage and decreased transmission from population structure act to decrease transmission below a level that supports re-infection of hosts with some prior immunity such that the higher levels of drug coverage do not lead to higher case loads in later waves as in the homogenously mixed populations. 
Drug coverage and strain dynamics
Effects of drug coverage at different R0 
When the R0 is only slightly higher, 2 or 2.5, which is consistent with some influenza outbreaks, there is a much sharper rise in the increased number of cases in subsequent waves with higher coverage and early drug treatment (Figure S7 A and D).

Drug-resistance, drug coverage and R0
Lastly, we investigated the interaction of drug coverage, R0 and drug-resistance. When the invader was drug-resistant, the highest drug coverage achievable minimized case load in later waves regardless of population structure (Figure S6 C & F). At R0 = 1.5, the drug-resistant invader caused proportionately more cases in later waves relative to the drug-sensitive resident only when drug coverage was less than 50% and the population mixed homogenously. However, at R0 ≥ 2, the invader caused more cases than the resident in later waves across all levels of drug coverage (Figure S7 C & F). Co-circulation of a drug-resistant strain with the sensitive strain in a structured population increased multi-season persistence of both strains relative to when the population mixed randomly, emphasizing that population structure is important for predicting multi-strain dynamics and the prevalence of drug-resistant strains (Figure S6 C & F).
Discussion

Population-level simplifications

Our model produces outbreak behaviour that is similar to the seasonal patterns of influenza in temperate regions and some tropical areas 
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, but does not explain the dynamics of influenza in other tropical regions which experience continuous cases smaller sporadic outbreaks (no defined waves). The outbreak dynamics in our model were due to infection-induced immunity and migration of  infected individuals only after an outbreak had burned out. Additional factors altering host-population immunity (including circulation of additional strains, influx of susceptible hosts or nutritional status) or continued introduction of infected hosts could suppress outbreak dynamics and result in continuous cases.
A second factor that has been shown to drive multi-wave dynamics is age-heterogeneities in attack rates 
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. At the outset of an epidemic (or during most of the first wave), the disease spreads primarily in the most connected individuals (i.e., school-aged children) leaving less connected individuals susceptible later during an outbreak or during a second wave. This highlights the importance of host-contact networks in the dynamics of multi-wave outbreaks. Our work included a simple version of host-population structure (10 subpopulations with 0.25% movement between them), which is unknown in most populations, but did not consider any other host heterogeneities. However, even with this simplified host-contact structure we found that host heterogeneities reversed strain dynamics at drug coverage less than 20% and amplified the effects of drugs when more than 40% drug coverage was acheived (Figure S5). Thus, host heterogeneties are important for quantifying the impact of widespread drug usage on overall cases and the invasion success of a novel strain. 
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