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ARTICLE INFO ABSTRACT

Keywords: Background: Prior to mid-2021, Australia’s approach to COVID-19 was to eliminate community transmission.
COVID-19 However, between August-November 2021, the state of Victoria, Australia, experienced an outbreak of the Delta
Modelling

variant that continued to grow despite extensive lockdowns and public health measures in place. While these
public health restrictions were ultimately unable to stop community transmission, they likely had a major impact
reducing transmission and adverse health outcomes relative to voluntary risk-mitigation only (e.g., in response to
rising cases and deaths, some people may avoid crowded settings, hospitality, retail, social occasions, or indoor
settings). This study aims to estimate the impact of the August-November 2021 enforced public health re-
strictions in Victoria, compared to voluntary risk-mitigation only.

Methods: An agent-based model was calibrated to Victorian epidemiological, health and behavioural data from 1
August to 30 November 2021, as well as policies that were implemented over that period. Two counter-factual
scenarios were run for the same period with (a) no restrictions in place; or (b) voluntary risk-mitigation only,
based on behaviour measured over the December-January Omicron BA.1 epidemic wave when restrictions were
not in place.

Results: Over August-November 2021, the baseline model scenario resulted in 97,000 (91,000—102,000) di-
agnoses, 9100 (8500—9700) hospital admissions, and 480 (430—530) deaths. Without any restrictions in place,
there were 3,228,000 (3,200,000—3,253,000) diagnoses, 375,100 (370,200—380,900) hospital admissions, and
16,700 (16,000—17,500) deaths. With voluntary risk-mitigation equal to those observed during the Omicron
BA.1 epidemic wave, there were 1,507,000 (1,469,000—1,549,000) diagnoses, 130,300 (124,500—136,000)
hospital admissions, and 5500 (5000—6100) deaths.

Conclusion: Public health restrictions implemented in Victoria over August-November 2021 are likely to have
averted more than 120,000 hospitalizations and 5000 deaths relative to voluntary risk-mitigation only. During a
COVID-19 epidemic wave voluntary behaviour change can reduce transmission substantially, but not to the same
extent as enforced restrictions.

Infectious diseases
Pandemic response
Retrospective
Analysis

1. Introduction

In 2020 and much of 2021, Australia pursued an “aggressive sup-
pression” strategy for COVID-19, through border controls, isolation,
quarantine, and extensive contact tracing together with other public
health and social measures (i.e., “lockdowns” or other behavioural re-
strictions) to control outbreaks. Over this period the strategies

implemented were largely successful in controlling outbreaks and
bringing case numbers to zero. However, from early August 2021 the
Australian state of Victoria experienced an outbreak of the Delta variant
of COVID-19 which continued to grow despite extensive public health
measures, including lockdowns. On August 5th 2021, Victoria reached
80 active COVID-19 cases in the community and extensive restrictive
measures were enforced (Department of Health and Human Services,
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2021). Under the restrictions, Victorians were only authorised to leave
their homes for five reasons: essential shopping, exercise, care or care-
giving, authorised work or education which could not be done from
home, or vaccination. On these occasions people were required to wear
masks. In parallel, vaccine availability and uptake increased; as of
August 5th approximately 43 % of Victorians over 16 years of age had
received their first dose of a vaccine and 21 % their second, with
coverage being constrained largely by a limited supply. As vaccine doses
became increasingly available the population coverage quickly
increased, and by October 31st coverage had reached 96 % for first doses
and 83 % for second doses.

Once it became clear that the enforced restrictions were not going to
be able to prevent community transmission of the Delta variant, a policy
shift was made. Under this paradigm restrictions were maintained with
the aim of slowing and controlling the spread, rather than returning to
zero cases. But the supply constraints on vaccines meant that restrictions
would be required until sufficient vaccination coverage was achieved
such that removing them would not overload the health system. The
Victorian government developed a “roadmap” of restriction eases which
would be triggered at predefined vaccine coverage thresholds, an
adaptation of a similar strategy implemented during a lockdown in
2020, in which eases were triggered at set dates and case thresholds
(Premier of Victoria, 2021; Coronavirus (COVID-19) Victoria, 2020).
Despite the public health and social measures (PHSM) being ultimately
unable to stop community transmission, it is likely that their imple-
mentation (and the conservative way they were relaxed) had a signifi-
cant impact on the trajectory of the outbreak and therefore on the
magnitude of the mortality due to COVID-19 observed over
August-November 2021.

To measure the impact of these restrictions on health outcomes, a
counter-factual scenario must be designed that reflects a theoretical
situation where they were not imposed. This counter-factual scenario is
difficult to specify, since without enforcement of strict PHSM some de-
gree of voluntary risk-mitigation would likely have occurred anyway.
For example, during the Omicron BA.1 variant outbreak which began in
Victoria in late December 2021, the most significant measure reintro-
duced by the Victorian government was indoor mask mandates, how-
ever the observed decrease in population-level mobility was
proportional to that seen during previous lockdowns, despite not being
enforced (Byrne, 2022). The term coined in reference to this behaviour
was a “Shadow Lockdown”. Google mobility data for Victoria indicates
that public transit movement was down by approximately 60 %; work-
place, retail, recreation, and public park movement decreased by 20-40
%; and residential movement increased by 10-20 % over the
January-February 2022 period (Google, 2022). Additionally, a behav-
ioural survey (Optimise) taken at the time found that more than 50 % of
participants “mostly” or “always” behaved in ways which reduced their
risk of exposure, such as avoiding public transport, crowded locations,
and social gatherings (Hellard et al., 2022).

The aim of this study was to estimate the COVID-19 infections,
hospitalizations and deaths prevented by the enforced public health
restrictions over August-November 2021 in Victoria, compared to
voluntary risk-mitigation only (the Shadow Lockdown), or if there were
no restrictions or risk-averse behaviours undertaken at all.

2. Methods

We used an established agent-based microsimulation model, Cova-
sim, developed by the Institute for Disease Modelling (USA) and col-
laborators including the Burnet Institute, to model epidemics in Victoria
(Kerr et al., 2021). The model is open source and available online
(Covasim model GitHub repository). The model and its calibration to the
Victorian Delta epidemic wave in 2021 is described in detail elsewhere
(Scott et al., 2020), with additional details in the Supplementary ma-
terials. As a summary, agents in the model are assigned an age (which
affects contact networks and infection outcomes) and are added to
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contact networks for key settings of transmission such as households,
schools, and workplaces, as well as broader community settings like
restaurants, pubs, places of worship, community sport, and small social
gatherings. Additionally, agents receive vaccines with characteristics
matching the Pfizer and AstraZeneca vaccines which were available in
Australia at the time, with age-specific allocations and dose scheduling
matched to data from the Australian Immunisation Registry (Abeysuriya
et al., 2020). Additional details are available in (Scott et al., 2020;
Abeysuriya et al., 2020; Abeysuriya et al., 2021; GOV.UK, 2022), and in
the Supplementary materials.

Three scenarios were considered in the analysis. First, a baseline
scenario (i.e., “Mandatory PHSM”), which was calibrated to the empir-
ical observed epidemic trajectory (Fig. 1). This baseline scenario was
then compared to two counter-factual scenarios, with (a) no enforced
restrictions and no voluntary risk-mitigation (i.e., “No behaviour
change™); or (b) no enforced restrictions but voluntary risk-mitigation (i.
e., “Voluntary behaviour change”). A comparison of restriction levels
and timings can be found in Table 1.

The extent of voluntary risk-mitigation was estimated based on
behaviour measured over the December-January Omicron BA.1
epidemic wave, when no significant public health restrictions were in
place in Victoria. The impacts of these behaviours on transmission
within the model were estimated by calibrating the model to fit the case,
hospitalisation, and mortality data over this period, while broadly
aligning with the observed reductions in mobility, and risk-avoidant
behaviours noted in Google mobility reports and the Optimise study
(Google, 2022; Hellard et al., 2022). The resulting model inputs for this
scenario are that transmission probability for agents in the model in
their social and community networks such as pubs, bars, public trans-
port, and social gatherings is reduced by approximately 30-70 %
(varying by network). Model scenarios were run over August-November
2021 inclusive.

It is possible that enforced PHSM could be considered to simply delay
an epidemic wave until restrictions are lifted, rather than to avert
negative outcomes completely. In Victoria it is not possible to know
whether a resurgence in Delta variant cases would have occurred after
PHSM were lifted, because the Omicron BA.1 variant began to circulate
and became dominant in late 2021. However, it is possible to model an
additional counter-factual scenario (“Delta resurgence”) that considers
the time after PHSM are lifted, but without the Omicron BA.1 variant.
This provides a method to assess the potential for a Delta variant
epidemic resurgence, and to estimate whether the infections and deaths
averted by the lockdown would have occurred anyway once restrictions
were lifted. In the “Delta resurgence” scenario, restrictions were
equivalent to the “Mandatory PHSM” scenario, until they were eased to
the level of the “Voluntary behaviour change” scenario from December
1st 2021 (see Table 1), and the model run was extended until the end of
March 2022, but without the Omicron BA.1 variant.

3. Results

Over August-November 2021, the “Mandatory PHSM” model sce-
nario resulted in 96,935 (91,426-102,467) diagnoses, 9105
(8483—-9742) hospital admissions, and 478 (433—526) deaths (Fig. 1
and Table 2).

In the “No behaviour change” scenario, there were 3,227,677
(3,200,722-3,253,147) diagnoses, 375,127 (370,188—380,875) hospi-
tal admissions, and 16,700 (15,972—17,497) deaths. Comparing to the
“Mandatory PHSM” results indicates that the enforced PHSM over the
August-November period are estimated to have averted more than 96 %
of the diagnoses and adverse outcomes.

In the “Voluntary behaviour change” scenario, there were 1,507,505
(1,469,109—-1,548,982) diagnoses, 130,267 (124,487—136,032) hospi-
tal admissions, and 5507 (5018—-6078) deaths (Fig. 2 and Table 2). So,
we estimate that the enforced PHSM averted more than 91 % of the
diagnoses and adverse outcomes observed in the “Voluntary behaviour
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Fig. 1. Model baseline scenario, i.e., “Mandatory PHSM”. Outputs from model simulations which match the observed data over the calibration period. The model
was calibrated against diagnoses, hospitalisations, ICU demand, and deaths over the Aug-Nov 2021 period.

change” scenario (Fig. 3 and Table 3).

It is worth noting that the risk-mitigation behaviours modelled in the
“Voluntary behaviour change” had a significant impact themselves,
averting 53 % of diagnoses and more than 65 % of severe outcomes
relative to the “No behaviour change” scenario (Table 3). Both counter-
factual scenarios have significantly higher and earlier peaks than
occurred (and therefore to what the “Mandatory PHSM” scenario was
calibrated). The lack of policy restrictions allows for a higher rate of
transmission within the model and thus faster and more aggressive
growth (Fig. 2). The “Voluntary behaviour change” scenario also led to a
more elongated epidemic wave, with a greater proportion of infections
occurring when vaccine coverage was higher, and hence a slightly lower
case fatality rate (0.36 % versus 0.52 % in the “No behaviour change”
scenario).

The “Delta resurgence” counter-factual scenario indicated that a
second Delta variant wave could have occurred over December 2021-
March 2022, had the Omicron BA.1 variant not taken over (see
Figure S 1 and Figure S 2 in the Supplementary materials). However, the
estimated number of infections was only 16 % of those observed in the
August-November wave in the “Voluntary behaviour change” scenario,
despite having equivalent behaviours and restrictions. Overall, we found
that even if we include infections, hospitalizations, and deaths occurring
from this hypothetical resurgence, the implemented restrictions still
averted 77 % of infections and 83 % of deaths relative to the “Voluntary
behaviour change” scenario by postponing the outbreak until high levels
of vaccination could be achieved (Table S 1 in the Supplementary
materials).

4. Discussion

This study estimated the impact of voluntary risk-mitigation, and
enforced PHSM, on COVID-19 related outcomes in Victoria over the

August-November 2021 Delta variant outbreak. While the enforced
PHSM in Victoria over this period were unable to prevent the Delta
variant COVID-19 outbreak, our results indicate that they were none-
theless effective mechanisms for “flattening the curve” and preventing
significant morbidity and mortality (Abeysuriya et al., 2021). Without
any restrictions or voluntary risk-mitigation, we estimated there could
have been 16,700 deaths over this period. The “No behaviour change”
scenario is clearly an implausible counter-factual, as it is difficult to
imagine that an unvaccinated population facing a significant outbreak of
COVID-19 would continue to behave “as usual”. As such, the “Voluntary
behaviour change” counter-factual provides a more realistic estimate of
population level behaviours, and suggests that had the government not
enforced any PHSM then voluntary risk-mitigation would likely have
had a substantial impact, reducing this from 16,700 to 5507 deaths.
However, the enforcement of PHSM likely played a significant role,
further reducing this to 478 deaths in the “Mandatory PHSM” scenario,
which includes the full impact of the PHSM and observed behaviours.
Although the aim of this analysis is to estimate the impact of the
PHSM on infections, hospitalisations, and deaths, it is also clear that
voluntary risk-mitigation and behaviour changes can have a significant
impact on population level outcomes during an outbreak. Taking per-
sonal responsibility for their own safety, and the safety of others, and
interacting with fewer individuals across a range of settings, could help a
population prevent more than 50 % of cases and severe outcomes
compared to a scenario with no such changes. However, while these
impacts are significant, they come with the caveat that not every
member of a community can reasonably or safely stop going to work, or
visiting vulnerable family and friends. As such, an overreliance on
“personal responsibility” can place an undue burden of both disease and
stigma on the members of the community who are less able to mitigate
exposure and transmission risk, particularly those with structural and
social disadvantage. This suggests there remains a clear role for
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Table 1

Timelines of modelled restrictions. “Mandatory PHSM”, “No behaviour change” and “Voluntary behaviour change” run until November 30 2021 for the primary
analysis. “Delta resurgence” runs until March 31 2022, and “Voluntary behaviour change” is rerun for the extended duration for comparison. Policy impacts detailed in
Table S 3 in the Supplementary materials.

1Work from home. 2Limit of one person per 4 square metres of venue space.

Date/ . Network Mandatory PHSM Volun.t ary No behaviour Delta resurgence
Scenario behaviour chang
05/08/21 Childcare
Schools
Café/restaurant Density limits
Pub/bar Density limits
Retail Density limits
Places of worship Density limits
Outdoor gatherings Shadow lockdown
Non-retail work WFH' if possible
Entertainment Density limits
Community sport
Mobility
Masks
05/10/21 .
Childcare
Schools
Café/restaurant Density limits
Pub/bar Density limits
Retail Density limits
Places of worship Density limits
Outdoor gatherings Shadow lockdown
Non-retail work WFH' if possible
Entertainment Density limits
Community sport
Mobility
Masks
26/10/21 Childcare
Schools
Café/restaurant Density limits
Pub/bar Density limits
Retail Density limits
Places of worship Density limits
Outdoor gatherings Shadow lockdown
Non-retail work WFH' if possible
Entertainment Density limits
Community sport
Mobility
Masks
05/11/21 Childcare
Schools
Café/restaurant 4sqm? Density limits 4sqm’
Pub/bar 4sqm? Density limits 4sqm’®
Retail 4sqm? Density limits 4sqm’
Places of worship 4sqm? Density limits 4sqm’
Outdoor gatherings <100 outdoors + 5 visitors Shadow lockdown < 100 outdoors + 5 visitors
at home at home
Non-retail work WFH! if possible WFH! if possible WFH! if possible
Entertainment 4sqm’ Density limits 4sqm’
Community sport
Mobility
Masks
01/12/21 Childcare
Schools
Café/restaurant 4sqm? Density limits Density limits
Pub/bar 4sqm’ Density limits Density limits
Retail 4sqm? Density limits Density limits
Places of worship 4sqm? Density limits Density limits
Outdoor gatherings :t L(())(r)nzutdoors PN Shadow lockdown Shadow lockdown
Non-retail work WEFH! if possible WEFH! if possible WFH! if possible
Entertainment 4sqm? Density limits Density limits
Community sport
Mobility
Masks
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Table 2
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Cumulative outcomes over Aug-Nov 2021. Cumulative infection, diagnosis, hospital admission, ICU admission and mortality outcomes for the “Mandatory PHSM”
scenario, “Voluntary behaviour change” counter-factual, and “No behaviour change” counter-factual.

Scenario Total infections Aug-Nov Total diagnoses Aug-Nov Total hospital admissions Total ICU" admissions Total deaths Aug-Nov
2021 2021 Aug-Nov 2021 Aug-Nov 2021 2021
Mandatory PHSM 177,323 (168,170-187,899) 96,935 (91,426-102,467) 9105 (8483-9742) 1581 (1446-1737) 478 (433-526)
No behaviour 4,591,749 3,227,677 375,127 (370,188-380,875) 62,245 (60,699-63,863) 16,700
change (4,564,532-4,618,075) (3,200,722-3,253,147) (15,972-17,497)
Voluntary 2,245,212 1,507,505 130,267 (124,487-136,032) 19,553 (18,376-20,758) 5507 (5018-6078)

behaviour change

(2,187,945-2,311,337)
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Fig. 2. Model baseline and two counter-factual scenarios. Blue: the “Mandatory PHSM” scenario, in which PHSM were implemented and eased according to the
Victorian government’s roadmap (i.e., Fig. 1). Red: a “Voluntary behaviour change” scenario with no enforced restrictions but voluntary risk-mitigation. Green: a “No
behaviour change” scenario with no enforced restrictions or voluntary risk-mitigation.

government, as they can introduce measures to reduce risk for those who
are unable to engage in voluntary risk-reduction, for example through
work from home orders, indoor mask use and isolation of cases. They
can also provide support that enables people to follow such measures
such as payment to people with casualised work that enable them to stay
at home when infected with COVID-19.

We also considered whether the implementation of restrictions only
postpones the epidemic wave, rather than truly averting infections and
deaths. Even after the restrictions were eased in Victoria in late October
and early November, daily diagnoses remained relatively stable until the
emergence of the Omicron BA.1 variant in December. The introduction
of a new variant occurred so soon after the restrictions were eased that it
is difficult to know if a resurgence of the Delta variant would have
occurred over the summer. The results of our final counter-factual sce-
nario indicates that another outbreak could have occurred in the
absence of the Omicron BA.1 variant, but that by virtue of delaying the
outbreak until high levels of vaccination could be achieved the outcomes

were improved. Vaccination provides significant protection against both
transmission and severe disease outcomes, and remains one of the most
effective and least socially restrictive PHSM available to policy makers
(GOV.UK, 2022). However, protection from vaccination can wane over
time, and as observed over 2022 new variants can appear with immune
evasive characteristics that reduce the individual and population-level
impact of vaccines. Therefore, additional long-term measures and
behaviour changes which can further reduce the transmission potential
of the virus (such as improved air quality or targeted mask wearing)
should continue to be considered by policy makers and individuals alike.

Several other modelling studies in other contexts have estimated the
impacts of NPIs and vaccination on outbreaks of COVID-19 (Bisanzio
et al., 2022; Vilches et al., 2022; Fair et al., 2022), however it is not
feasible to compare findings across these studies as a form of validation
as there are significant differences in modelling approaches, de-
mographics, disease contexts, and scenarios compared. For example, in
this study, the ratio of cumulative modelled diagnoses and deaths
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Change in infections, hospital admissions and
deaths Aug-Nov 2021 due to restrictions
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Fig. 3. PHSM and behavioural change impacts. Percentage reductions ach-
ieved in the “Mandatory PHSM” and “Voluntary behaviour change” scenarios,
relative to “No behaviour change” scenario.

between the three scenarios was approximately 1:13:35 (“Mandatory
PHSM”: “Voluntary behaviour change”: “No behaviour change”). Other
studies have reported ratios of 1:9 for cumulative cases and deaths
(“Mask 80 % | Distancing 70 %”: “No NPIs” in the Kingdom of Saudi
Arabia in mid-late 2020 (Bisanzio et al., 2022)), 1:5 for peak daily cases
and 1:14 for cumulative cases (“Observed data”: “No NPIs” in two
different outbreaks in Nunavut, Canada in late 2020 and early 2021
(Vilches et al., 2022)), and 1:105 for peak daily cases and 1:64 for cu-
mulative deaths (“Reported data™ “No NPIs” in Ontario, Canada in
early-mid 2020 (Fair et al., 2022)). There is a significant range in the
estimated impacts of NPIs across these studies, and while our reported
ratios fall within this range, the differences in population sizes and
disease contexts across the studies mean that we cannot know how well
our estimated NPI impacts align with those found by other analyses.
There are many other limitations in the use of modelling to study
COVID-19 outbreaks. Most significantly, models are simplifications of
the real world and cannot capture the full range of human behaviour.
For example, model outcomes are driven by the number of infections,
but we can only ever calibrate the model to diagnosed cases and estimate
what the case ascertainment rate is. In these results the case ascertain-
ment rate for the calibrated “Mandatory PHSM” scenario was ~55 %
(~68 % for the counter-factual scenarios), and unfortunately there is
little data against which to validate this. This rate arises largely from the
symptomatic testing probability parameter within the model, which
controls the likelihood of symptomatic agents having a test on any given
day. This was calibrated to a cumulative probability of ~22 %-33 %
over seven days of symptoms in September 2021, which is approxi-
mately in line with the September 2021 testing behaviour findings of a
COVID-19 behavioural survey (Optimise) (Saich et al., 2021). As it is
unknown what the actual case ascertainment rate was over this period it
is unclear whether the modelled ascertainment rate makes these results
optimistic or pessimistic compared to reality. A limitation specific to the
counter-factual “Voluntary behaviour change” scenario is that the

Table 3
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estimated behaviour changes relate to those observed during the Omi-
cron BA.1 epidemic wave in Victoria from December 2021-January
2022. This is a context of higher vaccine coverage and a less severe
variant in circulation than during the August-November 2021 Delta
outbreak considered in this study. Therefore, if mandatory PHSM had
not been in place, voluntary risk-mitigation during the
August-November 2021 Delta outbreak may have been greater than we
have estimated.

Furthermore, there are many things that are unknown about COVID-
19 disease dynamics, and models must approximate these with the
evolving results from clinical trials and observational studies. During the
outbreak, the implementation of vaccination within the model assumed
a linear increase in protection against COVID-19 after each dose, but did
not account for the waning of immunity post-vaccination (or post-
infection). The counter-factual scenarios may be underestimated
because testing capacity was assumed to scale with the outbreak size,
which would not have been possible had these scenarios occurred.
Similarly, the health care system would have been overwhelmed at a
fraction of the modelled numbers, and inadequate care provided,
exacerbating outcomes. These factors likely make the outcomes of the
scenarios optimistic, however this work also does not include booster
vaccination doses, which began in early November 2021, and may make
the results slightly pessimistic.

5. Conclusion

The enforced PHSM over the 2021 Delta variant outbreak in Victoria
are estimated to have averted about 121,162 hospitalizations and 5029
deaths over August-November compared to a counter-factual of volun-
tary risk-mitigation only. During a COVID-19 epidemic wave voluntary
behaviour change can reduce transmission substantially, but not to the
same extent as enforced restrictions.
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analysis in the supplementary materials.
Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.epidem.2023.100702.
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