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We model transmission of SARS-CoV-2 using a stochastic age-structured branching process model. The model generalises that of (1) to include time-varying vaccine coverage and contact rates. Infected individuals are categorised as either clinical or subclinical, with the clinical fraction  increasing with age (see Supplementary Table S1). Subclinical individuals are assumed to be  as infectious as clinical individuals (2-4). Clinical individuals are assigned a symptom onset time which is gamma distributed from exposure time with mean 5.5 days and s.d. 3.3 days (5). In the absence of interventions, we assume generation times are drawn from a Weibull distribution with mean 5.0 days and s.d. 1.9 days (6). There is at present conflicting evidence in the literature as to whether the Delta variant of SARS-CoV-2 has a shorter mean generation time or mean incubation period than older variants (7-11). Generation times in particular are difficult to empirically measure because this requires the infection times of both cases in a transmission pair. If infection times are unavailable but symptom onset dates are known, the serial interval can be used as a proxy for generation time. However, serial interval measurements contain more noise as they depend on both individuals’ incubation periods. In addition, for both generation times and serial intervals, realised values are affected by control interventions such as test, trace and isolate measures.
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We assume that, for all infected individuals with clinical symptoms, the probability of becoming a confirmed case of COVID-19 as a result of symptom-triggered testing is . We assume that confirmation occurs with an exponentially distributed delay from onset with mean 4 days. Although using an exponential distribution is a simplifying assumption, the coefficient of variation of the exponential distribution () is similar to the coefficient of variation of observed data from the August 2021 outbreak on the time from symptom onset to reporting for cases designated as “sought healthcare” in EpiSurv (). The shape of the distribution is also approximately consistent with onset to reporting times from the August 2020 outbreak. Furthermore, we note that, for a given overall effect of TTIQ on , model results are not highly sensitive to the shape of the assumed onset to detection distribution. Subclinical individuals remain asymptomatic and hence do not receive symptom-triggered testing, although they may be tested and detected as a result of contact tracing (see next paragraph). 

In addition to symptom-triggered testing, we assume that a proportion  of infected contacts (whether clinical or subclinical) of a confirmed case are identified via contact tracing and quarantined with a mean of 3 days from confirmation of the index case. In reality, some contacts were scheduled for testing on day 5 and day 12 after exposure and contact management differed for close and casual contacts; however, we do not attempt to model these details of the contact tracing process. We use quarantine to refer to pre-symptomatic or asymptomatic individuals identified via contact tracing who have not yet returned a positive test result, and isolation to refer either to contacts who have developed symptoms or to confirmed cases. We assume that isolation begins either at the time of symptom onset for traced contacts, or at the time of confirmation, whichever is earliest. We assume quarantine reduces transmission by 50% and isolation prevents all further transmission. 
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Transmission between age groups is described by a next generation matrix, whose  element is defined to be the expected number of secondary infections in age group  caused by an infected individual in age group  in the absence of control measures and given a fully susceptible population: 
 


This formulation models the average number of secondary infections as the product of the average number of contacts an individual in age group  has with someone in age group  during their infectious period (), the probability of transmission per contact (), the relative infectiousness of individuals in age group  (), and the relative susceptibility of individuals in age group  (). The  matrix  describing contact rates between and within age groups was that of (1), which was based on the pre-pandemic estimates of (12) and adapted for New Zealand’s population. The basic reproduction number  is equal to the dominant eigenvalue of the next generation matrix, denoted . The constant  represents the intrinsic transmissibility of the virus and the value of  is chosen so that  is equal to the assumed value of .

The number of people in age group who have had  doses of the vaccine who are infected by clinical individual between time and  is a Poisson distributed random variable with mean 

where:
· is a gamma distributed random variable with mean 1 and variance  representing individual heterogeneity in transmission. We set  which represents a moderate level of over-dispersion and is consistent with estimates for SARS-CoV-2 transmission patterns (13, 14).
·  is a time-varying control parameter that is fitted to data.
·  represents the effect of quarantine or isolation on the transmission rate of individual at time  and is equal to 1 if individual is not in quarantine/isolation at time , equal to  if individual  is in quarantine, and equal to  if individual  is in isolation.
·  is the probability density function of the assumed generation time distribution and  is the time individual was infected. 
·  is the next generation matrix for clinical individuals and  is the age group of individual .
·  is the fraction of age group  that is has not previously been infected and has had  doses of the vaccine at time .

The expression for  above is multiplied by  if individual  is subclinical. Note that the factor  means that, in the absence of control measures, the total number of people infected by a randomly selected individual over the course of their infectious period and in a fully susceptible population has a negative binomial distribution with mean  and variance  (15).

Each daily time step, the susceptible compartment  is depleted according to the number of newly infected individuals in that compartment. Prior infection is assumed to provide complete immunity against re-infection for the duration of the model simulation. In addition, a proportion of   moves to  according to the number of people in age group  who received their  dose of the vaccine that day. 

Under this formulation, all vaccinated individuals have their probability of infection given exposure reduced by  This is known as a leaky vaccine model as opposed to an all-or-nothing vaccine model, where a proportion  of vaccinated individuals are completely immunised and a proportion  are completely susceptible (16). Reality may be somewhere between these idealised models (i.e. there may be some individual heterogeneity in the level of protection provided by the vaccine but not as extreme as all-or-nothing). The all-or-nothing and the leaky vaccine model behave similarly when the proportion of the population with immunity from prior infection is relatively small. 

Waning of immunity from either vaccination or from prior infection is ignored. In reality, immunity wanes with time since most recent dose of the vaccine. However, this can be counteracted to a large extent by a third (booster) dose of the vaccine. In New Zealand, a third dose was offered to all adults starting in December 2021, initially with a minimum 6 month interval between the second and third dose. Since we only model the period up to mid January 2022, when the majority of fully vaccinated New Zealanders were still within 3 months of their second dose, the effects of waning are likely to be relatively weak and we do not attempt to model the dynamics of waning and boosting of immunity.

The expected number of secondary infections in age group  caused by an infected individual in age group  in the absence of control measures other than vaccination is (1):



The time-varying value of  is a model output defined as



where  is the dominant eigenvalue of the next generation matrix at time ,  is the value of the control function at time , and  is the effectiveness of the test-trace-isolate-quarantine (TTIQ) system in the model in reducing transmission. The value of  is calculated by calculating the average reduction in transmission from the time each case is put into quarantine or isolation. 
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Clinical individuals in age group  with  doses of the vaccine are assumed to require hospitalisation with probability  where  is the vaccine effectiveness against severe disease in breakthrough infections after  doses, and  is the infection hospitalisation ratio for unvaccinated people in age group  (see Supplementary Table S1). The time between symptom onset and hospitalisation is assumed to be exponentially distributed with mean 5 days (this assumption affects the timing but not the number of hospital admissions). The length of hospital stay is assumed to be exponentially distributed with mean 8 days (17) (this assumption affects the number of hospital beds occupied at any one time but not the total number of hospital admissions). Hospitalised cases in age group  die with probability  where  is the infection fatality ratio for unvaccinated cases in age group  (see Supplementary Table S1). For simplicity, the date of death is assumed to be the same as the date of hospital discharge. In reality, the average time from hospital admission to death is longer (this assumption means that deaths will be more lagged relative to cases in reality than in the model but does not affect the total number of deaths). 
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Each simulations was initialised with 200 seed infections with infection times uniformly chosen in the 8 day period from the simulation start date of 10 August 2021. The age groups of seed infections were chosen in proportion to the population age structure. The vaccination status of a seed infection in age group  was chosen according to the probability of a randomly chosen infection in age group  on the simulation start date having either 0, 1 or 2 doses. Any infections that are assigned a confirmation time prior to the time of the first detected case on 17 August 2021 are re-assigned a new confirmation time uniformly chosen at random in the 7 day period following 17 August 2021. 

	Parameter
	Value 

	Basic reproduction number in the absence of control
	

	Incubation period
	Mean 5.5 days, s.d. 3.3 days

	Generation interval
	Mean 5.0 days, s.d. 1.9 days

	Relative infectiousness of subclinical individuals
	 

	Heterogeneity in individual reproduction number 
	 

	Vaccine effectiveness:
· against infection (one/two doses)
· against symptoms in breakthrough infection (one/two doses)
· against transmission in breakthrough infection (one/two doses)
· against severe disease in breakthrough infection (one/two doses)
	
       
            
           
        

	Probability of detection for clinical individuals
	 

	Probability of a contact of a confirmed case being traced
	 

	Relative transmission rate for individuals in quarantine
	 

	Relative transmission rate for individuals in isolation
	 

	Time from symptom onset to test result
	Mean 4.0 days, s.d. 4.0 days 

	Time from confirmation of case to quarantine of contacts
	Mean 3.0 days, s.d. 1.7 days

	Time form symptom onset to hospital admission
	Mean 5.0 days, s.d. 5.0 days

	Length of hospital stay
	Mean 8.0 days, s.d. 8.0 days

	Age-specific parameters

	Age (yrs)
	0-4
	5-9
	10-14
	15-19
	20-24
	25-29
	30-34
	35-39
	40-44
	45-49
	50-54
	55-59
	60-64
	65-69
	70-74
	75+

	Pr(clinical) (%)
	54.4
	55.5
	57.7
	59.9
	62.0
	64.0
	65.9
	67.7
	69.5
	71.2
	72.7
	74.2
	75.5
	76.8
	78.0
	80.1

	Pr(hosp)(%)
	0.95
	0.95
	0.41
	0.61
	0.88
	1.26
	1.84
	2.69
	3.80
	5.56
	8.17
	11.4
	16.2
	22.2
	30.0
	49.0

	Pr(death)(%)
	0.001
	0.001
	0.001
	0.003
	0.005
	0.010
	0.020
	0.038
	0.075
	0.15
	0.29
	0.56
	1.10
	2.10
	4.00
	13.5

	Susceptibility*
	0.46
	0.46
	0.45
	0.56
	0.80
	0.93
	0.97
	0.98
	0.94
	0.93
	0.94
	0.97
	1.00
	0.98
	0.90
	0.86

	Popn (1000s)
	306
	327
	335
	315
	337
	378
	380
	338
	311
	328
	329
	326
	295
	251
	217
	339



Supplementary Table S1. Parameter values used in the model. *Susceptibility for age group  is stated relative to susceptibility for age 60-64 years. Age-dependent rates of clinical disease are based on (18). Pr(hosp) is the age-dependent infection hospitalisation ratio for unvaccinated individuals based on (19) and adjusted by a hazard ratio of 2.26 for the Delta variant (20) and further increased by an odds ratio of 2 for the Auckland outbreak model to provide a better match with hospital admissions data. Pr(death) is the infection fatality ratio for unvaccinated individuals based on (19). Infection hospitalisation ratios and infection fatality ratios vaccinated individuals were reduced according to the relevant vaccine effectiveness parameters, uniformly across all age groups. Age-dependent susceptibility is based on (2). This may partly reflect the elevated risk profile in the subpopulations predominantly affected by the outbreak.
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Supplementary Figure S1. Diagram showing model compartments for each age group . Individuals progress from  to  or from  to  as a result of receiving a vaccine dose. The force of infection on compartments  and  is reduced by a factor of  and  respectively relative to compartment . In addition, individuals in infectious compartments  and  have a probability of transmission that is reduced by  and  respectively relative to compartment. Recovered individuals are assumed to remain immune to infection for the duration of the model simulation, regardless of vaccination status. 



Supplementary Figure S2. Prior for the control function  showing the median (solid blue curve), 50% CrI (dark blue shading), 80% CrI (light blue shading), and 50 random draws from the prior (grey curves).




Supplementary Figure S3. Proportion of the population in 5 year age bands who have received (a) at least one dose and (b) two doses over time. Results are based on data on vaccines administered up to 7 December 2021, data available on 7 December 2021 on future vaccine bookings, and projected future uptake of second doses.
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