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Abstract 15 

 16 

Early in the Covid-19 outbreak, it was speculated that pre-existing cross-reactive immunity from 17 

prior BCG vaccination or exposure to common cold human coronaviruses might confer some 18 

protection against Covid-19. Following a year of circulation of SARS-CoV-2 through the world, 19 

epidemiological dynamics allow a test of this hypothesis. A dynamic epidemiological model was 20 

fitted to the Covid-19 attributed ‘excess deaths’ in South Africa, a country with a long-standing 21 

BCG vaccination program and where social-economic circumstances potentially result in frequent 22 

exposure to common cold coronaviruses. We show that Covid-19 propagation dynamics in South 23 

Africa are consistent with an initially fully susceptible population (no prior cross-immunity 24 

protecting against infection), but this requires assuming values of the infection fatality rate (IFR) 25 

below or at the lower plausible range (0.31 to 0.53) of internationally reported values. This 26 

suggests that some form of pre-existing protection against severe Covid-19 may exist in South 27 

Africa. The observed disease propagation dynamics can be explained by both long-lasting 28 

immunity and various scenarios of reinfection in the presence of the more transmissible B.1.351 29 

variant, which is also relatively resistant to antibodies induced by infections of prototype SARS-30 

CoV-2. All scenarios of reinfection also require assuming a low IFR in order to replicate the 31 

observed attributes of the outbreak. 32 

 33 

Introduction  34 

 35 

In the early stages of the Covid-19 pandemic it was suggested that population-wide vaccination 36 

programs such as for Bacille Calmette-Guérin (BCG) vaccines may have conferred trained-37 

immunity to SARS-CoV-2 (O’Neill and Netea, 2020), but later assessments provide evidence to 38 

the contrary (Lindestam Arlehamna et al., 2020; Wassenaar et al., 2020). It has also been 39 

suggested that previous exposure to common cold cornaviruses could result in cross-reactive T-40 

lymphocyte immunity to SARS-CoV-2 (Braun et al., 2020; Sette and Crotty, 2020). These studies 41 

indicated T-cell reactivity to SARS-CoV-2 in more than 30% of individuals not previously exposed 42 

to SARS-CoV-2 (Braun et al,, 2020; Grifoni et al., 2020), however, the clinical relevance of this 43 

reactivity is unknown (Sette and Crotty, 2020).  Despite limited testing on the African continent, it 44 

has been assessed that the burden of Covid-19 in the early stages of the pandemic in African 45 

countries was less severe than expected (Mbow et al., 2020, Nature, 2020; ScienceMag 2020; 46 

Uoga et al., 2021). This has fueled the notion that greater exposure to common cold coronaviruses 47 

in high population density, low-income settings may provide cross-reactive protection to Covid-19 48 

(Mbow et al., 2020; Uoga et al., 2021).  49 

 50 



In South Africa, millions of people live in crowded conditions and there is a long-standing BCG 1 

vaccination program. Hence, South Africa is well placed to investigate whether widespread cross-2 

immunity against COVID-19 exist in the population. The time-course of Covid-19 reported cases 3 

in South Africa is shown in Figure 1. With a testing rate of approximately 85 per 1 000 population 4 

during the course of the first wave, the SARS-CoV-2 positivity rates in suspected cases exceeded 5 

25% at the peak of the first wave (Our world in data, 2021), suggesting that the recorded number 6 

of Covid-19 cases and deaths was likely underestimated, as in most other countries (Li et al., 7 

2020).  8 

 9 

The first cases of Covid-19 were detected in March 2020. Propagation of the disease was initially 10 

attenuated by a national lockdown, among the strictest in the world (Supplementary Table 1; 11 

Stiegler and Bouchard, 2020). In May and June, some non-pharmacological  interventions (NPI), 12 

particularly permission for mass gatherings and use of public transport, were progressively 13 

relaxed, and by June 2020 cases started to  surge (Garba et al., 2020; Figure 1). Covid-19 cases 14 

peaked in mid-July (NICD, 2020a; Figure 1), with medical infrastructure and services severely 15 

tested but generally not overwhelmed. By mid-August, recorded Covid-19 cases, hospitalizations 16 

and deaths had all dropped by 80% relative to the peak  (Bradshaw et al., 2020; NICD 2020a, 17 

2020b; Figure 1), and in September a period of ‘slow burn’ in infections signified a new phase in 18 

the progression of the outbreak (Figure 1). Serological testing in selected communities in the 19 

Western Cape Province of South Africa suggested 35-45% of people had been infected with 20 

SARS-Cov2 by August 2020 (Hsiao et al., 2020). This is far lower than the threshold range for 21 

classical herd immunity to set in, as determined by the plausible range of the basic reproduction 22 

number (R0) for Covid-19 (Britton et al., 2020; Fontanet and Cauchemez, 2020), and associated 23 

range in final epidemic size (Miller, 2012, Meehan et al., 2020). The simplest hypothesis for the 24 

first wave peaking below the classical herd immunity threshold is evolving community resistance 25 

with the high force of infection, coupled with partial adherence to NPIs (despite return to lower 26 

official levels), transiently reducing the effective reproductive rate to below 1.0.  27 

 28 

At the end of October 2020 a resurgence of Covid-19 started in the Eastern Cape province and 29 

swiftly spread to the Western Cape and KwaZulu-Natal, reaching Gauteng and other interior 30 

provinces by December 2020 (Figures 1 and 2). The resurgence exceeded the number of deaths 31 

recorded during the first wave (Figure 2), and in December 2020 and January 2021 threatened to 32 

overwhelm hospitals and medical infrastructure (NICD, 2020b). There are two plausible 33 

explanations for the resurgence of Covid-19: further relaxations in NPI (particularly unrestricted 34 

mass gatherings) (Supplementary Table 1, Figure 1); and/or the emergence of the B.1.351 (or 35 

N501Y.V2) variant. Based on a modelling assessment undertaken in the United Kingdom, the 36 

B.1.1.7 lineage that shares the common N501Y mutation in the spike protein is 40-80% more 37 

transmissible than earlier variants (Volz et al., 2020). Furthermore, the neutralizing antibody 38 

activity induced by infection from ancestry SARS-CoV-2 variants has less than a tenth of the 39 

potency against viruses with the key mutations of the immundominant epitopes identified in the 40 

B.1.351 variant (Greaney et al., 2020; Wibmer et al., 2021). This variant, by February 2021, was 41 

the cause of 90% of all Covid-19 cases in South Africa (Moyo-Gwete et al., 2021).  The second 42 

wave of infections was in decline across all South African provinces by mid-January 2021, in the 43 

presence of enhanced NPI implemented by the South African government in late December 2020 44 

(Figures 1 and 2; Supplementary Table 1). 45 

We use a compartment model of the Covid-19 pandemic in South Africa to explore the 46 

propagation dynamics of the disease in the populous provinces of Gauteng, the Western Cape 47 

and Eastern Cape. In particular, we test whether the observed dynamics are consistent with the 48 

pre-existence of widespread cross-reactive immunity (here defined broadly, to include both 49 



immunity from earlier exposure to common cold coronaviruses and/or trained immunity derived 1 

from BCG and other vaccines) protecting against infection and/or severe Covid-19. We also 2 

explore the extent to which Covid-19 reinfections, either because of the B.1.351variant 3 

overcoming disease-induced immunity by earlier variants, or because of immunity being gradually 4 

lost over a period of months, are consistent with the observed propagation dynamics of the 5 

disease. We proceed to project the evolution of the disease in South Africa for these different 6 

scenarios, as a way to test the various hypotheses. The findings are interpreted within the context 7 

of COVID-19 vaccination programs being started in low and middle income countries such as 8 

South Africa. 9 

 10 

 11 

Results 12 

 13 

Gauteng Province 14 

 15 

Modelled infection curves inversed from excess deaths (Methods) in the Gauteng Province of 16 

South Africa, assuming an IFR of 0.31, are shown in black lines in Figure 3 for the scenarios of 17 

disease-induced immunity lasting perpetually (panel a), 12 months (panel b) and 6 months (panel 18 

d). A scenario where immunity generally lasts 12 months, but where an abrupt loss of immunity 19 

in 50% of the population occurred in late November 2020 in association with the emergence of 20 

the B.1.351 variant (Methods), is portrayed in panel d. The reconstructed infection curves span 21 

the period 1 March 2020 to 7 March 2021 (Methods). An IFR of 0.31 is well below the 22 

internationally estimated plausible range of the IFR, of 0.53 to 0.82 (Meyerowitz-Katz and Merone, 23 

2020). For all cases, the modelled number of infections display the key features of the reported 24 

cases and deaths, and excess deaths in Gauteng: a first wave peaking in early July 2020, followed 25 

by about three months of low numbers of infections between September and November, and a 26 

second wave of amplitude similar to the first (Figure 2 c and g), reaching its peak in early January 27 

2021.  28 

 29 

For all the scenarios considered, the number of infections need to be about 26% of the population 30 

by the end of August (representing the end of the first wave; Supplementary Table 2.1), in order 31 

for the simulations to reproduce the corresponding number of accumulated excess deaths. 32 

Serological surveys indicate about 25% of the Gauteng population infected by the end of August 33 

2020 (Portia Mutevedzi - MRC, personal communication). The estimated value of R0’ (the basic 34 

reproduction number as modified by NPI, Methods) for the 6-week period preceding the peak of 35 

the first wave is close to 1.1 for all the cases considered (Supplementary Table 3.1) (this is 36 

because of almost equal fractions of the population being susceptible across the various 37 

scenarios during this time). By 7 March, post the second wave, the simulations suggest that the 38 

fraction of the total population that had been infected in the first plus second wave is about 51% 39 

(Suppementary Table 2.1). The findings of post second wave seroprevalance surveys are not 40 

available for comparison as yet.  41 

 42 

The reconstructed values for R0’ for the second wave range between 2.6 and 3.3 across the 43 

various scenarios of reinfection (Supplementary Table 3.1). This range of numerical estimations 44 

is a function of the different sizes of the pools of susceptible individuals available at the onset of 45 

and during the second wave for the various scenarios under consideration (Methods). The 46 

substantial increase in transmissibility from the first wave to the second, estimated to range 47 

between 136 and 175%, is likely due to the combined effect of reduced compliance to NPI 48 

recommendations (both in terms of rules, and their observance) during the December 2020 49 

vacation period and the arrival of the B.1.351variant in Gauteng in late November 2020. 50 

 51 



Substantially lower values of the IFR in Gauteng province represent a contradiction that begs an 1 

explanation. An assumed IFR of 0.2 yields a total of 41% of the population infected by the end of 2 

August (that is, during the first wave; Supplementary Table 2.1), but serological testing suggests 3 

a lower percentages (Portia Mutevedzi - MRC, personal communication). The accumulated 4 

infections are modelled to be about 80% of the population by 7 March 2021 (Supplementary Table 5 

2.1). 6 

 7 

For an IFR of 0.53, which is the lower limit of the internationally estimated range (Meyerowitz-8 

Katz and Merone, 2020), accumulated infections are simulated to be 15% by the end of the first 9 

wave and 30% by the end of the second wave (Supplementary Table Table 2.1). The post first 10 

wave value is well below the estimate from a serological survey (Portia Mutevedzi - MRC, 11 

personal communication). The estimated values of R0’ for IFR=0.53 range from 2.3 to 2.6 for the 12 

cases under consideration (Supplementary Table 3.1), and are indicative of substantial increases 13 

(109-136%) in transmissibility following the appearance of the B.1.351 variant. For values of IFR 14 

in the mid (IFR=0.68) and upper (IFR=0.82) globally reported ranges, the modelled accumulated 15 

infections by the end of the first and second waves are deemed to be unrealistically low in 16 

comparison to the surveyed seroprevalence, indicating that these values of the IFR would be 17 

overestimates for the Gauteng population (Supplementary Table 2.1).  18 

 19 

The projected propagation of infections in the Gauteng province beyond 7 March 2021 is shown 20 

in Figure 3, assuming an IFR of 0.31. In these simulations, it is assumed that R0’ is restricted to 21 

1.4 between 7 March and 1 April 2021, which is sufficient to prevent the resurgence of infections 22 

during this time. From 2 April onwards, it is assumed that reduced adherence to the existing Level 23 

1 NPI in South Africa will increase R0’, according to two scenarios. The first is a worst case 24 

scenario, where R0’ assumes the same value it had during the second wave of infections in 25 

Gauteng (Supplementary Table 3.1). The second is a best-case scenario, where R0’ remains 26 

restricted to a value of 1.6 (lower that any of the plausible R0’ values constructed for the second 27 

wave in Gauteng and two other provinces (Supplementary Tables 3.1 to 3.3; Methods). Under 28 

the worst case scenario, even for the case of persistent immunity, a third wave forms and peaks 29 

late in May 2021, with an amplitude similar to those of the first two waves (Figure 3a). A further 30 

30% of the population is projected to be infected during the 3rd wave, before community immunity 31 

is reached to sustain interruption in chains of transmission of the virus. For the cases where 32 

immunity is lost and reinfections occur, the third wave of infections can be substantially larger in 33 

amplitude than the first two waves (in the absence of strengthening NPI or widespread 34 

vaccination; Figures 3 b to d). In these cases the third wave peaks earlier, in early May 2021. 35 

Fourth waves of infection also form for all these cases, peaking as early as November 2021 for 36 

the case of immunity lost within six months (Figure 3d).  Restricting R0’ to 1.6 is sufficient to 37 

prevent the formation of a 3rd wave for the case of persistent immunity (Figure 3a), and delays its 38 

formation and restricts its amplitude to about 50% or less of that of the second wave for all the 39 

scenarios of reinfection considered (Figure 3 b to d). 40 

 41 

Western Cape 42 

 43 

Reported cases (Figure 2a) and excess deaths (Figure 2e) suggest that the second wave peaked 44 

at 2 to 3 times the amplitude of the first in the Western Cape. This behavior can be replicated in 45 

the modelled infection curves by assuming an IFR of 0.31 (Figure 4, black lines). For this value 46 

of the IFR 26% of the population is simulated to have been infected by the end of August 2020 47 

(after the first wave; Supplementary Table 2.2), which is somewhat lower than the 35-45 % 48 

seroprevalence recorded in selected communities in the Western Cape (Hsiao et al., 2020). The 49 

value of R0’ reconstructed for the first wave of infections is close to 1.1 (Supplementary Table 50 

3.2). Accumulated infections are modelled to be about 75% of the population by 7 March 51 



(Supplementary Table 3.2), post the second wave. The second wave is associated with values of 1 

R0’ ranging between 1.7 and 2.4 for the various cases under consideration (Supplementary Table 2 

3.2), which represents increases in transmissibility of 54-100 % compared to the first wave.   3 

 4 

For an IFR of 0.2, the modelling is indicative of 41% of infections by the end of the August 2021 5 

(occurring in association with the first wave), and in the upper range of the fraction infections 6 

indicated for August 2020 by serological testing undertaken in selected communities (Hsiao et al., 7 

2020). However, for the case of a persistent disease-induced immunity in an initially fully-8 

susceptible population, this leaves an insufficient number of susceptible people for a second-9 

wave of infections to reach three times the amplitude of the first, even with a high-force of 10 

infection. For the cases where immunity is lost, a second wave of observed amplitude can be 11 

generated, but this requires 115% of the population having been infected by 7 March 2021 12 

(Supplementary Table 2.2). That is, more than 70% of the population is simulated to have been 13 

infected during the second wave. Values of the IFR substantially larger than 0.31 also produce 14 

reconstructed infection curves that are implausible. For an IFR of 0.53 (0.82), 12% (10%) of the 15 

population is modelled to be infected by the end of August 2020, which substantially lower than 16 

the fraction of the population found to have been infected by August 2020 in the serological 17 

testing. By 7 March 2021, 34% and 28% of the population are modelled to have been infected for 18 

levels of the IFR of 0.53 and 0.82, respectively (Supplementary Table 2.2).  19 

 20 

Assuming an IFR of 0.31, the projected propagation of Covid-19 through 2021 is shown as a 21 

function of the various cases of immunity under consideration. Noteworthy is that even when 22 

assuming the values of R0’ reconstructed for the second wave (red lines), no further substantial 23 

growth in the infection curves are simulated for early 2021, suggesting that in all cases a form of 24 

community resistance has set in (contradicting the case of Gauteng Province). For the case of 25 

persistent immunity (Figure 4a), no third wave of infections form, given that community resistance 26 

has set in with about 75% of the population having been infected by 7 March 2021. However, for 27 

the remaining three cases under consideration, third waves of infection form and peak between 28 

August and December 2021 (Figure 4 b to d). For the cases of immunity lost in twelve months, 29 

the third waves are about half the amplitude of the first, but of similar amplitude to the first for the 30 

case where immunity is lost in six months. 31 

 32 

Eastern Cape 33 

 34 

A second wave of infections first emerged in South Africa in the Eastern Cape in October 2020 35 

(Figure 2b). The wave (using weekly excess deaths as measure, Figure 2f) peaked at about twice 36 

the amplitude of the first wave in December 2020, ahead of strengthened NPI in late December 37 

2020 (Figure 1, Supplementary Table 1). Although the Eastern Cape and Western Cape 38 

provinces in South Africa have roughly equal population sizes (Methods), accumulated excess 39 

deaths in the Eastern Cape were almost twice that in Western Cape by the end of the first wave 40 

in August 2020 (9 582 deaths vs 5567 deaths). This ratio increased by 7 March 2020, post the 41 

second wave in both provinces (33 070 deaths vs 16 041 deaths; Figure 2f). This suggests that 42 

one or both of the infection rate and the IFR was substantially higher in the Eastern than in the 43 

Western Cape. 44 

 45 

An IFR of 0.31, which provides a good fit for disease dynamics in both the Western Cape and 46 

Gauteng provinces, implies 47% of the population having been infected by the end of August 47 

2020 in the Eastern Cape (Supplementary Table 2.3). With such a high fraction of the population 48 

infected by the end of the first wave, it is not possible for a second wave twice that size to have 49 

peaked by December 2020, even in the experiments where immunity is lost within 6 months and 50 

where 50% of the population with disease-induced immunity from the first wave had lost that 51 



immunity in the presence of the B.1.351 variant. Even with the reconstructed accumulated 1 

infections in the range 98-162% (Supplementary Table 2.3), the observed number of excess 2 

deaths by 7 March 2021 can’t be reconstructed.  3 

 4 

Assuming an IFR of 0.53 yields 28% of infections by the end of August 2020 (Supplementary 5 

Table 2.3), with R0’ for the first wave estimated to be 1.5 (Supplementary Table 3.3). This leaves 6 

a sufficient number of people susceptible for infection to produce a second wave of twice the 7 

amplitude of the first, in December 2020, with accumulated infections reaching about 94% by 7 8 

March 2020. R0’ of the second wave is estimated to range between 1.8 and 2.8 (representing 9 

increases in transmissibility between the first and second wave of 20-87%) (Supplementary Table 10 

3.3). The medical infrastructure in the Eastern Cape has a lower capacity than the Western Cape 11 

and Gauteng provinces, consistent with the IFR being higher in the Eastern Cape. 12 

 13 

At higher values of the IFR of 0.68 and 0.82, the fractions of the population infected after the first 14 

wave are 22 and 18%, respectively, values that are deemed to be at the lower end of plausibility 15 

(Supplementary Table 2.3). The corresponding fractions of accumulated infections by 7 March 16 

2021 are about 73% and 61% (Supplementary Table 2.3). The reconstructed values of R0’ for 17 

IFR=0.68 range between 1.6 and 2 (Supplementary Table 3.3). In other words, the higher IFR 18 

and thus fewer infections inversed from excess deaths leave a large portion of the population 19 

susceptible, and thus do not require substantially larger values of R0’ (compared to the first wave) 20 

for the scenarios of reinfection. This contradicts the notion of increased transmissibility in the 21 

Eastern Cape during the second wave, in the presence of the B.1.351 variant and reduced NPI. 22 

 23 

Assuming an IFR of 0.53, the projected propagation of Covid-19 in the Eastern Cape is shown in 24 

Figure 5. Given the high portion of accumulated infections by 7 March 2021, community 25 

resistance would prevent the formation of a third wave in the first half of 2021 for all cases under 26 

consideration. For the case where NPI is assumed to restrict transmission through to the end of 27 

2021 (blue lines), a third wave of infections may not form in 2021, unless the duration of disease-28 

induced immunity is short (six months), in which case a third wave of infections may form in the 29 

summer of 2021 (Figure 5d). If NPI is relaxed sooner, such a wave may form in the spring of 30 

2021, even if the duration of immunity is twelve months (Figure 5b and c, red lines). In all these 31 

cases, the third wave is likely to be smaller in amplitude than the first, due to the smaller pool of 32 

susceptible people. 33 

 34 

Does cross-reactive immunity protect against infection?  35 

 36 

Under the assumptions of both wide-spread (30%, Methods) pre-existing cross-immunity 37 

protecting against infection and disease-induced immunity being long lasting, second waves of 38 

the observed amplitude in the Eastern and Western Cape can’t be replicated. However if it is 39 

assumed that  immunity (including pre-existing cross-reactive immunity) is lost in periods of twelve 40 

or six months, or if a large faction of the immune population is not protected against the B.1.351 41 

variant, sufficient pools of susceptible individuals become available for the model to replicate the 42 

observed number of excess deaths and associated waves of infection. In this latter scenario the 43 

effects of pre-existing cross-immunity diminishes over time and the disease dynamics approach 44 

that of a fully susceptible population.  45 

  46 

 47 

 48 

 49 

 50 

 51 



Discussion 1 

 2 

Covid-19 propagation dynamics in South Africa are consistent with a fully susceptible population 3 

and IFR values of 0.31-0.53, below or at the lower limit of international estimates of the IFR 4 

(Meyerowitz-Katz and Merone, 2020). It is possible that the relatively young population age 5 

structure in South Africa may have contributed to a higher proportion of mild or asymptomatic 6 

cases (Promislow, 2020) and relatively low IFR. On the other hand, South Africa has a high 7 

prevalence of comorbidity factors, including obesity, hypertension, diabetes, as well as 8 

tuberculosis and HIV, which were expected to increase fatal vulnerability to Covid-19 (Boulle et 9 

al., 2020; UNAIDS, 2020; TBFACTS, 2020; Rice et al., 2020). It is thus plausible that pre-existing 10 

cross-protection against severe manifestation of Covid-19 disease, possibly obtained from 11 

frequent exposure to common cold coronaviruses in South Africa’s low-income and high density  12 

settlements, has played an important role in the manifestation of a low IFR in the country. 13 

 14 

The modelling indicates that the first wave of infections plausibly left close to 30% of the 15 

population infected across the three provinces. Even if disease-induced immunity lasts for many 16 

years that left a sufficient pool of susceptible people for second waves of amplitude two to three 17 

times that of the first to develop. Such waves indeed occurred in the Eastern and Western Cape 18 

provinces, but in the Gauteng province the second wave had a similar amplitude to the first, 19 

possibly because NPI was strengthened nationally in time to head off the late-developing wave. 20 

Under assumptions of disease-induced immunity being lost within a year, or where immunity to 21 

earlier strains of SARS-CoV-2 conferred only partial immunity to  the B.1.351 variant, even larger 22 

pools of susceptible people were available, from which the second wave of infections formed. In 23 

the Western and Eastern Cape Provinces of South Africa, transmissibility is estimated to have 24 

been be 20-100 % higher during the second wave of infections compared to the first, while in  25 

Gauteng province, transmissibility was 136-175 % higher compared to the first wave. The 26 

enhanced transmissibility overall in South Africa argues for higher transmissibility of the B.1.351 27 

variant, and the differences between provinces may be due to differences in NPI compliance 28 

(ahead of South Africa strengthening measures and more strongly enforced compliance late in 29 

December 2020). 30 

 31 

South African Covid-19 propagation dynamics are most easily and plausibly explained by not 32 

assuming initial cross-immunity protecting against infection. The propagation dynamics provide 33 

no evidence that cross-immunity providing complete protection against infection was widespread, 34 

though cross-immunity may have provided some protection against infection by early Covid-19 35 

variants. In particular, the magnitude of the second wave of infection in the Western and Eastern 36 

Cape provinces can’t be replicated if wide-spread cross-immunity protecting against infection 37 

existed for the B.1.351 variant and diseased-induced immunity is long-lasting and effective across 38 

variants. On the other hand, if the duration of both pre-existing cross-reactive immunity and 39 

disease-induced immunity is only six to twelve months, the formation of high amplitude second 40 

waves of infection can be explained. In such a case, any effects of pre-existing cross-reactive 41 

immunity (against infection) on the disease dynamics quickly diminishes. This finding is important 42 

in the context of designing vaccination strategies in the country and more generally in low income 43 

countries.  44 

 45 

The duration of disease-induced immunity in relation to the strength of NPI are key factors (other 46 

than the rate of vaccination and the evolution of further variants that are immune evasive) 47 

controlling the likelihood of the development of third or fourth waves of Covid-19 in South Africa 48 

in 2021. If immunity is effective across variants and lasts for many years, third waves are unlikely 49 

to occur in the Western and Eastern Cape provinces, given that the fraction of the population 50 

infected during the first two waves is close to the inferred herd immunity threshold. For immunity 51 



lasting six to twelve months, the potential exists in the Gauteng Province for a third wave of 1 

infections larger in magnitude than the first two waves, peaking during late autumn or the winter 2 

of 2021, and for a fourth wave to occur in the summer of 2021. Strengthened NPI and/or 3 

widespread vaccinations will be needed to prevent or dampen such a resurgence. In the Western 4 

and Eastern Cape provinces, where larger fractions of the population were infected during the 5 

first two waves, third waves of infection are likely to be smaller in amplitude than the earlier waves, 6 

and are projected to peak later than in Gauteng. 7 

 8 

 9 

 10 
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 1 

Figure 1: Propagation of Covid-19 in South Africa between 8 March 2020 and 14 March 2021, 2 

as described by the seven day centered moving average of daily reported cases. These numbers 3 

are substantially lower than actual cases due to limited testing. The ‘levels’ refer to NPI states, 4 

with 5 being the strictest. 5 
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 1 

Figure 2: Left panels: Seven-day centered moving averages of daily reported Covid-19 2 

infections for (a) Western Cape, (b) Eastern Cape, (c) Gauteng and (d) South Africa between 8 3 

March 2020 and 14 March 2021. Right panels: Same as for the left panels, but showing 4 

accumulated excess (weekly, black lines) and reported (daily, blue lines) Covid-19 deaths 5 

through to 7 March and 19 March 2021, respectively.  6 



 1 

 2 

 3 

Figure 3: The reconstructed Covid-19 infections in the Gauteng province of South Africa for the 4 

period through to 7 March 2021 (black lines), and projected infections until the end of 2021 (blue 5 

and red lines), for an IFR of 0.31.  Panel a represents the case where disease-induced immunity 6 

is ever lasting. Panel b represents immunity lasting for 12 months. Panel c represents the case 7 

where immunity lasts for 12 months, but where the arrival of the new B.1.351 variant in late 8 

November 2020 was associated with 50% of the immune population at the time becoming 9 

susceptible to the new variant. Panel d is similar to panel b, but with immunity lost after six months. 10 

For the projections it is assumed that NPI will restrict R0’ to 1.4 through to 1 April 2021. The red 11 

lines represent a worst case scenario where R0’ assumes the value as reconstructed for the 12 

second wave (Supplementary Table 3.1) from 2 April 2021 onwards. The blue lines represent a 13 

best-case scenario where NPI restricts R0’ to 1.6 from 2 April onwards. 14 

 15 
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 2 

Figure 4: The reconstructed Covid-19 infections in the Western Cape province of South Africa for 3 

the period through to 7 March 2021 (black lines), and projected infections until the end of 2021 4 

(blue and red lines), for an IFR of 0.31.  Panel a represents the case where disease-induced 5 

immunity is ever lasting. Panel b represents immunity lasting for 12 months. Panel c represents 6 

the case where immunity lasts for 12 months, but where the arrival of the new B.1.351 variant in 7 

early November 2020 was associated with 50% of the immune population at the time becoming 8 

susceptible to the new variant. Panel d is similar to panel b, but with immunity lost after six months. 9 

For the projections it is assumed that NPI will restrict R0’ to 1.4 through to 1 April 2021. The red 10 

lines represent a worst case scenario where R0’ assumes the value as reconstructed for the 11 

second wave (Supplementary Table 3.1) from 2 April 2021 onwards. The blue lines represent a 12 

best-case scenario where NPI restricts R0’ to 1.6 from 2 April onwards. 13 

 14 
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 4 

Figure 5: The reconstructed Covid-19 infections in the Eastern Cape province of South Africa for 5 

the period through to 7 March 2021 (black lines), and projected infections until the end of 2021 6 

(blue and red lines), for an IFR of 0.53.  Panel a represents the case where disease-induced 7 

immunity is ever lasting. Panel b represents immunity lasting for 12 months. Panel c represents 8 

the case where immunity lasts for 12 months, but where the arrival of the new B.1.351 variant in 9 

early October 2020 was associated with 50% of the immune population at the time becoming 10 

susceptible to the new variant. Panel d is similar to panel b, but with immunity lost after six months. 11 

For the projections it is assumed that NPI will restrict R0’ to 1.4 through to 1 April 2021. The red 12 

lines represent a worst case scenario where R0’ assumes the value as reconstructed for the 13 

second wave (Supplementary Table 3.1) from 2 April 2021 onwards. The blue lines represent a 14 

best-case scenario where NPI restricts R0’ to 1.6 from 2 April onwards. 15 
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Methods 1 

 2 

Limitations in testing for COVID-19, with approximately 80 tests per 1000 population having been 3 

undertaken in South Africa by Oct 2020 (Our world in data), inadvertently results in the reported 4 

numbers of COVID-19 being an underestimate of the actual number of infections, as is the case 5 

in most other countries (Li et al., 2020). The paper therefore makes use of this measure only as 6 

a qualitative measure of the progression of the disease in South Africa and its provinces, but it is 7 

not used quantitatively in the inverse modelling that is performed. Deaths directly attributable to 8 

Covid-19 (UP, 2020) are also an underestimate of the actual number, due to the limited availability 9 

of polymerase chain reaction (PCR) confirmations. However, deaths from whatever cause must 10 

be reported to the authorities, and the reporting rate to the vital registration system is high: victims 11 

need to be buried and death benefits are to be claimed. The study thus relies on estimated weekly 12 

‘excess deaths’, of which Covid-19 attributable deaths make up the major component in South 13 

Africa (Bradshaw et al., 2020), as the key measure of disease propagation dynamics. Data on 14 

weekly excess deaths were available through to the week ending 7 March 2021 at the time of 15 

composing this paper. The fraction of reported Covid-19 deaths to excess deaths in South Africa 16 

is highly variable between provinces, from 34% in the Eastern Cape, 41% in Gauteng to 70% in 17 

the Western Cape by 7 March 2021. Reported cases, reported deaths and excess deaths are 18 

displayed in Figure 2 for the Western and Eastern Cape and Gauteng provinces, and for South 19 

Africa, for the period March 2020 to March 2021. 20 

 21 

The study relies on serological surveys undertaken in the Western Cape (Hsiao et al., 2020) and 22 

Gauteng (Portia Mutevedzi - MRC, personal communication), which suggested that by the end of 23 

the first wave in August 2020, about 35-45% of people in the communities surveyed in the 24 

Western Cape had been infected, and about 25% in Gauteng.  These numbers are used to verify 25 

the model simulations in terms of their ability to represent the fraction of the various populations 26 

infected by the end of the first wave. 27 

 28 

We applied a Susceptible-Infected-Recovered-Dead (SIRD) model separately to the Eastern 29 

Cape,  Western Cape and Gauteng provinces of South Africa: 30 

 31 

   
𝑑𝑆𝑑𝑡 = − 𝛼𝑁 𝑆𝐼 + 𝜔𝑅; 32 

 33 𝑑𝐼𝑑𝑡 = 𝛼𝑁 𝑆𝐼 − 𝛽𝐼 − 𝛾𝐼;                           (1) 34 

 35 𝑑𝑅𝑑𝑡 = 𝛽𝐼 − 𝜔𝑅; 36 

 37 𝑑𝐷𝑑𝑡 = 𝛾𝐼. 38 

 39 

Each province is assumed to have an isolated, homogeneous and initially fully susceptible 40 

population of size N (6.7 million for the Eastern Cape, 7 million for the Western Cape and 15.5 41 

million for Gauteng). S, I, R and D are the number of susceptible, infected, recovered and dead 42 

individuals respectively, at a given moment in time, and they sum to the total population, N 43 

(assumed to remain constant). The daily recovery rate 𝛽 = 0.16 𝑑−1 is constant in all the 44 

simulations performed and consistent with estimates used in other studies (Anastassopoulou et 45 



al., 2020; Baker et al., 2020). The daily infection rate is α and the mortality rate is γ. Note that the 1 𝐼𝐹𝑅 = 𝛾 𝛽⁄  and 𝑅0 = 𝛼 (𝛾 + 𝛽)⁄ . The rate at which immunity is lost is ω. 2 

The model is initialized with 𝑆𝑡=0 = (1 − 𝑐𝑟)𝑁 − 𝐼𝑡=0 and 𝑅𝑡=0 = 𝑐𝑟𝑁, where cr is the fraction of the 3 

population with pre-existing cross-immunity against infection. 𝐼𝑡=0 = 1 and 𝐷𝑡=0 = 0. Given the 4 

substantial variations in the strength of NPI during the simulation period we do not attempt to 5 

identify the potential impacts of seasonality on infection rates (Baker et al., 2020; Engelbrecht and 6 

Scholes, 2021; Smit et al., 2020). The model also assumes that the IFR remains constant across 7 

the duration of the disease’s propagation, an assumption that may not be valid given the 8 

emergence of the B.1.351 variant in November 2020. 9 

 10 

The inverse application of the model reconstructs the modified reproduction number 𝑅0′ =11 𝛼𝑚 (𝛾 + 𝛽)⁄  (with αm the actual time-varying infection rate) for each value of cr and the IFR, and 12 

for the prescribed period that disease-induced immunity lasts, from the time-series of excess 13 

deaths. The model inversion distinguishes between the period up and until 29 April 2020 (from 14 

the onset of Covid-19 in South Africa to the end of stringent lockdown, Supplementary Table 1) 15 

and the subsequent period during which lockdown measures  were progressively  relaxed, albeit 16 

with ongoing advocacy for use of NPIs, and for which data on excess deaths are available. The 17 

model was initialized on the 5th of March 2020 and integrated forward to 29 April 2020, the end of  18 

stringent lockdown. Model inversion solutions were obtained by systematically integrating the 19 

model for different values of R0’, in intervals of 0.0001, and selecting the smallest value of R0’ that 20 

yields accumulated deaths equal to or greater than the recorded excess deaths at the end of this 21 

period. This process was then repeated for the period 6 May 2020 to 7 March 2021, with R0
’ 22 

reconstructed to match the weekly recorded excess deaths, always initializing from the latest state 23 

obtained for S, I, R and D.  24 

 25 

Four scenarios of the duration of disease-induced immunity are explored in the simulations: 26 

immunity that lasts indefinitely, for twelve months, for six months, and immunity that generally 27 

lasts for twelve months but where 50% of the population in whom immunity was induced by 28 

prototype SARS-CoV-2 remained susceptible to the B.1.351 variant. Based on the dates for which 29 

the weekly numbers of excess deaths started to increase after the period of ‘slow burn’ that 30 

followed the first wave (Figure 1), the emergence date of the new B.1.351 variant was taken to 31 

be 7 October 2021 in the Eastern Cape, 8 November 2021 in the Western Cape and 30 November 32 

2021in Gauteng. For each of these four cases, a set of time-series of the modified reproduction 33 

number (R0’, representing the time-varying effects of NPI on R0) was reconstructed as a function 34 

of the IFR. In other words, the IFR is kept constant in each simulation, but different realisations of 35 

the IFR in its plausible range are explored. A recent review suggested 0.53% to 0.82% as the 36 

plausible range of the IFR (Meyerowitz-Katz and Merone, 2020), although other studies suggest 37 

values as low as 0.3 and as high as 1.2 (Fontanet and Cauchemez, 2020). Note that the effective 38 

reproduction number is related to R0’ by 𝑅𝑡 , = 𝑆𝑅0′ 𝑁⁄ .  Values of R0’ are averaged over the six-39 

week period preceding the peak of the first wave, and the six week period preceding the peak of 40 

the second wave, for each of the provinces (Supplementary Tabled 3.1 to 3.3). To these values 41 

are referred to as the ‘first wave’ and ‘second wave’ values of R0’. Accumulated infections, which 42 

may include reinfections, are tabled for the dates 30 August (post first-wave) and 7 March (post 43 

second-wave) for each of the provinces, in Supplementary Tables 2.1 to 2.3. 44 

 45 

After 7 March 2021, the model is released from its ‘spun-up’ state to project forward to December 46 

2021. It is assumed that continued adherence to NPI recommendations will restrict R0’ to 1.4 until 47 

1 April 2021. A worst case and best case scenario are considered for the period 2 April 2021 48 

onwards. For each of the cases of reinfection, the worst case scenario assumes a value of R0’ as 49 



estimated from the second wave of infections (Supplementary Tables 3.1 to 3.3), whilst the best 1 

case scenario assumes a value of 1.6.   2 

 3 

Note that in order to explore the potential effects of pre-existing cross-reactive immunity that 4 

protects against SARS-CoV-2 infection, the simulations described above are performed for either 5 

a fully susceptible population (𝑐𝑟 = 0) or with a fraction of the population (𝑐𝑟 = 0.3) having pre-6 

existing immunity protecting against infection.  7 

 8 

The simulations do not take into account any pharmaceutical control measures (ie vaccination) 9 

that may become increasingly available in South Africa after April 2021. They thus effectively 10 

provide guidance on how the disease may evolve in South Africa in the absence of an efficient 11 

roll-out of Covid-19 immunization.  12 

 13 
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Supplementary Information 1 

 2 

Supplementary Table 1: The non-pharmaceutical interventions aimed at reducing the peak of 3 

Covid-19 infections and deaths in South Africa were implemented in discrete stages. The degree 4 

to which the population conformed with the restrictions – particularly those related to mask-5 

wearing and social distancing – was highly variable, but generally very far below complete, 6 

especially after about June 2020. 7 

From To Regulations 

5 
Mar 
2020 

25 Mar 
2020 

Cessation of international travel other than repatriation missions. 

26 
Mar 
2020 

3 May 
2020 

Level 5 lockdown. Shelter-in-place for entire population, without visitors, 
leaving only to buy food or for medical treatment. Only essential workers 
at work (police, military, utilities, food provision, health workers). Alcohol 
and tobacco ban, all drinking and eating establishments closed, no 
public transport, international borders closed, travel between provinces 
by permit only.  

4 
May 
2020 

31 May 
2020 

Level 4. About 1/3rd of employed return to work (all agriculture, financial 
services, IT services; 50% of mining) with hygiene and distancing 
protocols. Open-air exercise permitted within 5 km of home, no gyms. 
Masks compulsory in public. 

1 
June 
2020 

17 Aug 
2020 

Level 3. Partial school re-opening (mostly final year grades, learners 
returning alternate days, most learning online, no school sports). E-
commerce permitted, clothing stores open, take-away foods permitted, 
government service offices open. Automobile, cement, steel industries, 
road maintenance, railways open. Public transport open all hours, with 
distancing.  

18 
Aug 
2020 

20 Sep 
2020 

Level 2. All retail stores open, including hairdressers. Family visits 
allowed, limit of 50 people for gatherings (including funerals and 
religious), parks open, curfew 10 pm to 4 am, drinking and eating 
establishments open with spacing restrictions. Interprovincial travel for 
any purpose permitted.  

21 
Sep 
2020 

28 Dec 
2020 

Level 1. All sectors open, with distancing and hygiene protocols. No 
sports events with spectators, conferences remain virtual, indoor 
gatherings limited to 250 people. International travel from approved 
destinations permitted. Almost all higher education facilities continue 
predominantly teaching online, with limited physical presence.  

29 
Dec 
2020 

28 
February 
2021 

Level 3.  

1 
Mar 
2021 

Ongoing 
by 3 April 
2021 

Level 1. 
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 10 

 11 

 12 

 13 



Supplementary Table 2.1: Accumulated infections in a fully susceptible population (expressed 1 

as a percentage of the total population N) reconstructed by model inversion of excess mortality in 2 

the Gauteng province for the period post the first wave and post the second wave, as a function 3 

of the IFR, the duration of disease-induced immunity (L) and fraction of the population infected 4 

during the first wave that retained that immunity against the B.1.351 variant (N %). 5 

 6 

IFR L 
(months) 

N 
(%) 

Accumulated infections expressed as a percentage of 
the total population N 

Post first wave (30 
August 2020) 

Post second wave (7 
March 2021) 

0.2 ∞ 100 41 79 
0.2 12 100 41 80 
0.2 12 50 41 80 
0.2 6 100 41 79 

0.31 ∞ 100 26 51 
0.31 12 100 26 51 
0.31 12 50 26 51 
0.31 6 100 26 51 
0.53 ∞ 100 15 30 
0.53 12 100 15 30 
0.53 12 50 15 30 
0.53 6 100 15 30 
0.68 ∞ 100 12 23 
0.68 12 100 12 23 
0.68 12 50 12 24 
0.68 6 100 12 23 
0.82 ∞ 100 10 20 
0.82 12 100 10 20 
0.82 12 50 10 20 
0.82 6 100 10 20 
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 8 

 9 

 10 

 11 

 12 

 13 

 14 
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 16 

 17 

 18 

 19 

 20 
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 23 
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 25 
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Supplementary Table 2.2: Accumulated infections in a fully susceptible population (expressed 1 

as a percentage of the total population N) reconstructed by model inversion of excess mortality in 2 

the Western Cape province for the period post the first wave and post the second wave, as a 3 

function of the IFR, the duration of disease-induced immunity (L) and fraction of the population 4 

infected during the first wave that retained that immunity against the B.1.351 variant (N %). 5 

 6 

IFR L 
(months) 

N 
(%) 

Accumulated infections expressed as a percentage of 
the total population N 

Post first wave (30 
August 2020) 

Post second wave (7 
March 2021) 

0.2 ∞ 100 41 98 
0.2 12 100 41 115 
0.2 12 50 41 115 
0.2 6 100 41 115 

0.31 ∞ 100 26 74 
0.31 12 100 26 74 
0.31 12 50 26 75 
0.31 6 100 26 75 
0.53 ∞ 100 16 44 
0.53 12 100 16 44 
0.53 12 50 16 44 
0.53 6 100 16 44 
0.68 ∞ 100 12 34 
0.68 12 100 12 34 
0.68 12 50 12 34 
0.68 6 100 12 34 
0.82 ∞ 100 10 28 
0.82 12 100 10 28 
0.82 12 50 10 28 
0.82 6 100 10 28 
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Supplementary Table 2.3: Accumulated infections in a fully susceptible population (expressed 1 

as a percentage of the total population N) reconstructed by model inversion of excess mortality in 2 

the Eastern Cape province for the period post the first wave and post the second wave, as a 3 

function of the IFR, the duration of disease-induced immunity (L) and fraction of the population 4 

infected during the first wave that retained that immunity against the B.1.351 variant (N %). 5 

 6 

IFR L 
(months) 

N 
(%) 

Accumulated infections expressed as a percentage of 
the total population N 

Post first wave (30 
August 2020) 

Post second wave (7 
March 2021) 

0.2 ∞ 100 73 96 
0.2 12 100 73 140 
0.2 12 50 73 161 
0.2 6 100 73 182 

0.31 ∞ 100 47 98 
0.31 12 100 47 127 
0.31 12 50 47 142 
0.31 6 100 47 162 
0.53 ∞ 100 28 93 
0.53 12 100 28 94 
0.53 12 50 28 94 
0.53 6 100 28 94 
0.68 ∞ 100 22 73 
0.68 12 100 22 73 
0.68 12 50 22 73 
0.68 6 100 22 73 
0.82 ∞ 100 18 61 
0.82 12 100 18 61 
0.82 12 50 18 61 
0.82 6 100 18 61 
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Supplementary Table 3.1: R0’ reconstructed by model inversion of excess mortality in the 1 

Gauteng province for the first and second waves assuming a fully susceptible population, and as 2 

a function of the IFR, the duration of disease-induced immunity (L) and fraction of the population 3 

infected during the first wave that retained that immunity against the B.1.351 variant (N). 4 

 5 

IFR L N 
(%) 

Averages of R0’ as estimated from the inversion of weekly 
deaths 
First Wave peak (15 Jun to 

26 July) 
Second wave peak (30 

November to 10 January) 
0.31 ∞ 100 1.2 3.3 
0.31 12 100 1.1 2.9 
0.31 12 50 1.1 2.6 
0.31 06 100 1.1 2.8 
0.53 ∞ 100 1.1 2.6 
0.53 12 100 1.1 2.6 
0.53 12 50 1.1 2.5 
0.53 06 100 1.1 2.3 

 6 

 7 

Supplementary Table 3.2: R0’ reconstructed by model inversion of excess mortality in the 8 

Western Cape province for the first and second waves assuming a fully susceptible population, 9 

and as a function of the IFR, the duration of disease-induced immunity (L) and fraction of the 10 

population infected during the first wave that retained that immunity against the B.1.351 variant 11 

(N). 12 

 13 

IFR L N 
(%) 

Averages of R0’ as estimated from the inversion of weekly 
deaths 
First Wave peak (25 May to 

5 July) 
Second wave peak (23 

November to 3 January) 
0.31 ∞ 100 1.2 2.4 
0.31 12 100 1.1 1.8 
0.31 12 50 1.1 1.7 
0.31 06 100 1.1 1.9 
0.53 ∞ 100 1.1 1.8 
0.53 12 100 1.1 1.5 
0.53 12 50 1.1 1.5 
0.53 06 100 1.1 1.6 

 14 
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 22 

 23 

 24 

 25 

 26 



 1 

Supplementary Table 3.3: R0’ reconstructed by model inversion of excess mortality in the 2 

Eastern Cape province for the first and second waves assuming a fully susceptible population, 3 

and as a function of the IFR, the duration of disease-induced immunity (L) and fraction of the 4 

population infected during the first wave that retained that immunity against the B.1.351 variant 5 

(N). 6 

 7 

IFR L N 
(%) 

Averages of R0’ as estimated from the inversion of weekly 
deaths 
First Wave peak (1 June to 

12 July) 
Second wave peak (16 

November to 27 December) 

0.53 ∞ 100 1.5 2.8 
0.53 12 100 1.5 2.2 
0.53 12 50 1.5 1.8 
0.53 06 100 1.5 1.9 
0.68 ∞ 100 1.5 2.0 
0.68 12 100 1.5 1.8 
0.68 12 50 1.5 1.6 
0.68 06 100 1.5 1.6 

 8 



Figures

Figure 1

Propagation of Covid-19 in South Africa between 8 March 2020 and 14 March 2021, as described by the
seven day centered moving average of daily reported cases. These numbers are substantially lower than
actual cases due to limited testing. The ‘levels’ refer to NPI states, with 5 being the strictest.



Figure 2

Left panels: Seven-day centered moving averages of daily reported Covid-19 infections for (a) Western
Cape, (b) Eastern Cape, (c) Gauteng and (d) South Africa between 8 March 2020 and 14 March 2021.
Right panels: Same as for the left panels, but showing accumulated excess (weekly, black lines) and
reported (daily, blue lines) Covid-19 deaths through to 7 March and 19 March 2021, respectively.



Figure 3

The reconstructed Covid-19 infections in the Gauteng province of South Africa for the period through to 7
March 2021 (black lines), and projected infections until the end of 2021 (blue and red lines), for an IFR of
0.31. Panel a represents the case where disease-induced immunity is ever lasting. Panel b represents
immunity lasting for 12 months. Panel c represents the case where immunity lasts for 12 months, but
where the arrival of the new B.1.351 variant in late November 2020 was associated with 50% of the
immune population at the time becoming susceptible to the new variant. Panel d is similar to panel b, but
with immunity lost after six months. For the projections it is assumed that NPI will restrict R0’ to 1.4
through to 1 April 2021. The red lines represent a worst case scenario where R0’ assumes the value as
reconstructed for the second wave (Supplementary Table 3.1) from 2 April 2021 onwards. The blue lines
represent a best-case scenario where NPI restricts R0’ to 1.6 from 2 April onwards.



Figure 4

The reconstructed Covid-19 infections in the Western Cape province of South Africa for the period
through to 7 March 2021 (black lines), and projected infections until the end of 2021 (blue and red lines),
for an IFR of 0.31. Panel a represents the case where disease-induced immunity is ever lasting. Panel b
represents immunity lasting for 12 months. Panel c represents the case where immunity lasts for 12
months, but where the arrival of the new B.1.351 variant in early November 2020 was associated with
50% of the immune population at the time becoming susceptible to the new variant. Panel d is similar to
panel b, but with immunity lost after six months. For the projections it is assumed that NPI will restrict R0’
to 1.4 through to 1 April 2021. The red lines represent a worst case scenario where R0’ assumes the value
as reconstructed for the second wave (Supplementary Table 3.1) from 2 April 2021 onwards. The blue
lines represent a best-case scenario where NPI restricts R0’ to 1.6 from 2 April onwards.



Figure 5

The reconstructed Covid-19 infections in the Eastern Cape province of South Africa for the period through
to 7 March 2021 (black lines), and projected infections until the end of 2021 (blue and red lines), for an
IFR of 0.53. Panel a represents the case where disease-induced immunity is ever lasting. Panel b
represents immunity lasting for 12 months. Panel c represents the case where immunity lasts for 12
months, but where the arrival of the new B.1.351 variant in early October 2020 was associated with 50%
of the immune population at the time becoming susceptible to the new variant. Panel d is similar to panel
b, but with immunity lost after six months. For the projections it is assumed that NPI will restrict R0’ to 1.4
through to 1 April 2021. The red lines represent a worst case scenario where R0’ assumes the value as
reconstructed for the second wave (Supplementary Table 3.1) from 2 April 2021 onwards. The blue lines
represent a best-case scenario where NPI restricts R0’ to 1.6 from 2 April onwards.


