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Supplementary appendix 1

Estimation of population parameters for the case study

The initial fractional growth rate, , for the total Australian population aged 14 years or more and the fractional rate of decline in , , were estimated via constrained optimisation, using population data published by the Australian Bureau of Statistics (Australian Bureau of Statistics, 2020).  Values of  and  minimising the mean of the absolute differences between the published data values and the corresponding model outputs (i.e., the mean absolute error; see, e.g., Sterman, 2000) were obtained using Powell’s method (Powell, 2009).  Population estimates derived from the simulation model are plotted alongside the Australian Bureau of Statistics estimates in Figure S1.
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Figure S1.  Population estimates derived from the system dynamics model and corresponding Australian Bureau of Statistics (ABS) estimates.
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Supplementary appendix 2

Sensitivity analyses for the simulation experiments

The extent to which the simulation results presented in Figure 2 of the paper depend on the assumed parameter values (see Table 1) was assessed via sensitivity analysis.  Latin hypercube sampling was used to generate 100 sets of values for the initial per capita rates of smoking behaviour change (, , , and ) from a relatively broad distribution of values (see Figure S2).  For each set of initial values, we ran a series of simulation experiments in which the per capita rates , , , and  were separately decreased (, , and ) or increased () by 10% of their initial values (after running the model for a sufficient period that the proportion of heavily dependent smokers in the smoking population, , reached equilibrium; see the Methods section of the paper).  Figure S3 plots the difference over time between the proportion of smokers who are heavily dependent and the equilibrium proportion obtaining prior to the rate change () for each set of initial values (we plotted  rather than  as , and hence the value of  prior to the per capita rate shift, depends on  and ; see Supplementary appendix 4).  Despite the broad range of initial per capita rates, the effects of changes in , , , and  on  are qualitatively similar across simulations (e.g.,  always increases briefly before declining rapidly when the per capita cessation rate  is increased); the general conclusions derived from the simulation experiments presented in the paper are therefore not dependent upon the particular parameter values in Table 1.  (Note that varying the initial numbers of less dependent, heavily dependent, and former smokers has no effect on the simulation results, as these stocks settle at their equilibrium values prior to the changes in , , , and .)


[image: ]
Figure S2.  Scatterplot matrix showing values for the initial per capita rates of initiation, progression to heavily dependent smoking, cessation, and relapse (, , , and , respectively) used in the sensitivity analyses.  Values were sampled from  distributions, where  (: , ;  and : , ; : , ).
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Figure S3.  Effects of sustained 10% decreases in per capita rates of initiation, progression to heavily dependent smoking, and relapse (, , and , respectively) and a sustained 10% increase in the per capita cessation rate for less dependent smokers () on the proportion of heavily dependent smokers in the total smoking population (expressed as the deviation from the equilibrium proportion obtaining prior to the rate change, i.e., ).  The grey lines are derived from the sensitivity analyses; results obtained assuming the parameter values in Table 1 of the paper are shown in red.  All rate changes occur at time .


Supplementary appendix 3

Markov chain Monte Carlo (MCMC) simulation methods

Posterior simulation was performed using Stan ver. 2.19.2 (http://mc-stan.org/; Carpenter et al., 2017).  Normal prior distributions with mean 0 and standard deviation 0.5 were specified for the fractional increase rates , , , and , the initial values for the per capita rates , , and , and the time series-specific standard deviations  (the prior distributions for the initial per capita rates and the standard deviations were truncated at 0, constraining these parameters to be positive).  Priors for the remaining parameters were derived from National Drug Strategy Household Survey (NDSHS) data (Australian Institute of Health and Welfare, 2017; see Table S1).  For the initial numbers of current and former smokers and the initial cessation rate (i.e., the total number of smokers quitting for 1 month or more per year), we specified lognormal priors with modes equal to the 2001 NDSHS estimates and standard deviations equal to 5% of the mode.  NDSHS data on numbers of pack-a-day smokers (those smoking ≥ 20 cigarettes per day) were available for 2010‒2016 only, so the initial proportion of pack-a-day smokers in the smoking population, , was estimated using a simple linear regression model predicting  from NDSHS estimates of mean weekly cigarette consumption.  We specified a normal prior for  with mean equal to the predicted value for 2001 and standard deviation equal to 25% of the mean ( was constrained to lie between 0 and 1 by truncating the prior distribution).  Note that the priors specified for the initial number of current smokers (), the initial total cessation rate (), and  imply an informative prior distribution for the initial per capita cessation rate for less dependent smokers,  (see Figure S5).

Four Markov chains, each initialised with parameter values sampled from the joint prior distribution, were run in parallel for 4000 iterations; we used the final 2000 iterations from each chain (8000 samples in total) for posterior inference (i.e., the initial half of each chain was discarded as warmup; see Gelman et al., 2014).  Potential scale reduction factors () calculated for all parameters were less than 1.01, indicating approximate convergence to the posterior distribution (see Gelman et al., 2014, pp. 281‒286).  Trace plots for selected parameters are presented in Figure S4.  Effective sample sizes (; Gelman et al., 2014) were greater than 103 for all parameters.
2

Table S1.  System dynamics model parameter values and prior distributions assumed in the Markov chain Monte Carlo (MCMC) analysis.  (Prior distributions are given using Stan notation.)
	Parameter
	 
	Symbol(s)
	Value or prior
	Reference(s)

	
	
	
	
	

	Initial population
	
	P0
	15465971
	Australian Bureau of Statistics (2020)

	Initial fractional population growth rate
	
	g0
	0.01748
	

	Fractional rate of decrease in the population growth rate
	
	δg
	0.005349
	

	Initial number of current smokers
	
	L0 + H0
	lognormal(15.1030, 0.0498)
	

	Initial proportion of heavily dependent smokers in the smoking population
	
	q0
	normal(0.4322, 0.1080) T[0, 1]
	

	Initial number of smokers quitting per year
	
	c0L0 + c0H0
	lognormal(13.7087, 0.0498)
	

	Initial number of former smokers
	
	F0
	lognormal(15.2246, 0.0498)
	

	Per capita mortality rate for less dependent smokers
	
	μ
	0.01197
	Australian Bureau of Statistics (2017), Banks et al. (2015)

	Mortality rate ratio for heavily dependent smokers
	
	ζ
	1.6194
	Banks et al. (2015)

	Mortality rate ratio for former smokers
	
	η
	0.6712
	Banks et al. (2015)

	Cessation rate ratio for heavily dependent smokers
	
	λ
	0.3753
	Australian Institute of Health and Welfare (2017)

	Initial per capita initiation rate
	
	u0
	normal(0, 0.5) T[0, ]
	

	Initial per capita rate of progression to heavily dependent smoking
	
	v0
	normal(0, 0.5) T[0, ]
	

	Initial per capita relapse rate
	
	r0
	normal(0, 0.5) T[0, ]
	

	Fractional rate of increase in the per capita initiation rate
	
	δu
	normal(0, 0.5)
	

	Fractional rate of increase in the per capita rate of progression to heavily dependent smoking
	
	δv
	normal(0, 0.5)
	

	Fractional rate of increase in the per capita cessation rate for less dependent smokers
	
	δc
	normal(0, 0.5)
	

	Fractional rate of increase in the per capita relapse rate
	
	δr
	normal(0, 0.5)
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Figure S4.  Trace plots for the fractional rates of increase in per capita rates of initiation, progression to heavily dependent smoking, cessation, and relapse (, , , and ).  Post-warmup samples from the four separate Markov chains are concatenated in each plot, i.e., samples 1‒2000 are from the first chain, samples 2001‒4000 are from the second chain, and so on.
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Supplementary appendix 4

Derivation of the equilibrium proportion of heavily dependent smokers in a smoking population ()

At equilibrium, numbers of less dependent, heavily dependent, and former smokers (, , and , respectively) are constant, i.e., their rates of change are equal to 0, so we have the equilibrium conditions:





where  is time in years, , , and  are the equilibrium numbers of less dependent, heavily dependent, and former smokers, respectively, and all other notation is the same as in Figure 1 of the paper.  Note that the population () and per capita rates of smoking behaviour change (i.e., , , , and ) are assumed to be constant (consistent with the simulations presented in the paper).  The equilibrium proportion of heavily dependent smokers in the total smoking population can be calculated as  , where  and  are derived from the equilibrium conditions above.

Solving the second equilibrium condition (i.e., ) for , and substituting into the equation for  yields:



so, the equilibrium proportion of heavily dependent smokers in the total smoking population depends only on the per capita rate of progression to heavily dependent smoking, , and the per capita cessation and mortality rates for heavily dependent smokers ( and , respectively).

To see why an increase in the per capita cessation rate for less dependent smokers, , results in a decrease in the equilibrium proportion of smokers who are heavily dependent, note that as the number of less dependent smokers declines (due to the increase in ), the number of less dependent smokers progressing to heavy smoking per year also declines (since the rate of progression to heavily dependent smoking is equal to the number of less dependent smokers multiplied by the per capita rate ).  At the same time, the per capita cessation rate for heavily dependent smokers, , increases (because  increases), actively reducing the number of heavy smokers in the smoking population.  Combined, the decline in the number of less dependent smokers progressing to heavily dependent smoking per year and the increase in the heavy smoker cessation rate result in a proportional decrease in the number of heavily dependent smokers that is greater than the proportional decrease in the number of less dependent smokers due to the increase in .  Denoting the equilibrium numbers of less dependent smokers prior to and after an increase in the per capita cessation rate from  to  as  and , respectively, the equilibrium numbers of heavily dependent smokers before and after the rate increase are, respectively,  and  (these equations are derived from the second equilibrium condition above).  The proportional decrease in the equilibrium number of heavily dependent smokers resulting from the increase in the per capita cession rate  is therefore:



Because  is greater than 1 (the per capita cessation rate increases, so  > ),  exceeds , and .  Thus, , and  is greater than the proportional decrease in the number of less dependent smokers, equal to .


Supplementary appendix 5

Posterior distributions estimated for the initial value parameters in the system dynamics model

[image: ]
Figure S5.  Marginal posterior distributions estimated for initial per capita rates of smoking behaviour change.  Median estimates and central 95% posterior intervals are shown in the top right corner.  Prior distributions are plotted as smooth curves.
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Figure S6.  Marginal posterior distributions estimated for initial numbers of current and former smokers and the initial proportion of heavy smokers (i.e., ≥ 20 cigarettes per day) in the Australian smoking population.  Median estimates and central 95% posterior intervals are shown in the top right corner.  Prior distributions are plotted as smooth curves.
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