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Abstract: The outbreak of COVID-19 quickly spread around the globe, with staggering infection
and mortality rates. Given the reported benefits of greenness to human health, we hypothesized
that greener neighbourhoods would suffer less from COVID-19 infection and severity than not. We
modelled COVID-19 infection and severity in South Africa by fitting Generalized Linear Mixed
Effects models to various socio-demographic and greenness data (EVI, i.e., Enhanced Vegetation
Index, and tree and grass covers) collected from January 2020 to June 2022 at local municipalities,
Wards, and districts scales. We found that income level showed a significant negative association with
COVID-19 prevalence at the Ward level, suggesting that poorer neighbourhoods are more susceptible
to COVID-19 infection. We also found that EVI and tree cover consistently showed a significant
negative correlation with COVID-19 infection rate, irrespective of the scale of analysis, whereas grass
cover showed a similar pattern but only at the Ward scale. Finally, we found that neither EVI, grass
cover, nor tree cover showed a significant association with COVID-19 severity. Overall, greener
neighbourhoods show greater resilience to the spread of COVID-19, suggesting that exposure to
greenness may boost natural killer cells in the human body, thus reinvigorating our defence system
against infections. Our results re-enforced the need to establish and preserve greens paces particularly
in the developing world, given their ability to buffer the spread of COVID-19.
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1. Introduction

The COVID-19 pandemic, which, in 2019, had its epicentre in Wuhan, China, quickly
spread across the globe with tremendous epidemiological impacts. As of 25 March 2020,
half a million of infection cases were confirmed globally, and approximately 20,000 deaths
were recorded [1]. By 30 August 2022, the spread and epidemiological impacts had grown
exponentially, reaching 599,071,265 confirmed cumulative cases and 6,467,023 cumulative
deaths globally [2]. On the 4 June 2022, South Africa, the hardest-hit country in Africa by
the pandemic, had recorded 3.9 million COVID-19 cases and a total of 101,313 COVID-19-
related deaths [3].

In response to the pandemic, various non-pharmaceutical preventative measures
were taken by different countries around the world (e.g., social distancing, lockdown,
working-from-home regulations, self-isolation and quarantine, etc.; [4-6]). Although these
measures showed the expected outcome, which was to curb the spread of the COVID-19
infections [7,8], their implementations could not be indefinitely advocated for, given the
associated socio-economic consequences, such as psychological damages [9] and economic
losses [10]. These non-pharmaceutical preventative measures also had various negative
impacts on human health and wellbeing, such as increased or worsening levels of anxiety
and depression or mental health [11]. For example, the confinement or lockdown regula-
tions put in place aggravated the already-poor mental health conditions of low-income
communities due to extended periods of social isolation [12]. Additionally, selected de-
mographic groups, including the elderly and people living with comorbidities, showed
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more vulnerability to COVID-19 severity [13,14]. COVID-19 severity refers to the extreme
symptoms or consequences of the disease that result in hospitalisation or even death.

In the current study, we propose that greenness, measured as the quantity of available
terrestrial vegetation in a given area, would be linked to COVID-19 infection and severity
rates [15-18]. This expectation is grounded on several services that greenness provides to
humans. Firstly, as COVID-19 largely affects the human respiratory system, leading to a
poor oxygen provision to the body, the ecosystem services provided by greenness [19,20],
particularly, air purification and massive O, production through photosynthesis, alongside
boosted immune systems [21], are expected to maximise the resilience of communities in
greener neighbourhoods against COVID-19 infection [16-23] and its severity ([16,24,25];
but see [17]). Secondly, recent studies reported that exposure to high levels of air pollution
is linked to developmental defects in new-born babies, and these defects increase the risk
of abnormal respiratory functions and cardiovascular diseases, which are some of the
major comorbidities that magnify COVID-19 impacts [26]. Also, increased air pollution,
particularly from particulate matters (PMj5) and ozone (O3), subtend a sharp increase
in hospitalisations due to cardiovascular diseases [27]. Interestingly, greater greenness
has been linked to lower level of air pollution [28]. Furthermore, human exposure to
greenness boosts natural killer cells in the human body, thus reinvigorating our defence
system against viruses [1,21]. Additionally, greenness is reported to improve our mental
health by providing opportunities for socializing, physical, and recreational activities,
thus contributing to lowering some of the emotional distresses inherent to the COVID-19
infection. For example, early studies demonstrated that access to greenness through green
spaces correlated with the reduction in some of the comorbidities (e.g., [29]) that heightened
the severity of COVID-19 impacts, such as mental health, risk of mortality, depression,
obesity, diabetes, and cardiovascular diseases (see meta-analysis in [18]).

Although evidence of positive effects of greenness on human health conditions in
general is abundant, we know little about the efficacy of its benefits to humans in the context
of the ongoing deadly COVID-19 pandemic. Also, what we know today originates mostly
from one country [18], the United States of America (USA, [16,17,23,25,30]). For example,
Jiang et al. [22] reported that forested neighbourhoods in the USA exhibit lower COVID-19
infection rates, but more so in forested areas outside parks. Also, recent studies quantified
the link between greenness and COVID-19 infection in the USA and showed that an increase
in NDVI (Normalized Difference Vegetation Index) by 0.1 yielded a decrease in COVID-19
infection rate by 6% [23], or a decrease by 4.1% specifically in the USA urban areas [16].
Interestingly, Russette et al. [25] reported a noticeable reduction in COVID-19-induced
mortality rate in greener regions of the USA (see also [17,18]).

Given that most of our knowledge linking greenness to COVID-19 infection, mortality
rate, and severity is from the developed world [18], several questions are worth inves-
tigating. First, is the reported negative relationship between greenness and COVID-19
infections in urban areas of the developed world similar across the globe, especially in
hardest-hit countries or in the developing world? This question is worth investigating since
urban planning is not the same from country to country, and human behaviour towards
green spaces is not the same, especially in the developed vs. developing world. Second, do
the positive effects of greenness reported on human health depend on vegetation metrics
used? This too is an important question to investigate, given that different metrics capture
different facets of vegetation, and knowing which facets of vegetation (e.g., EVI or tree
versus grass cover) exert positive effects on human health in the context of COVID-19
may inform not only the prioritization of green space construction but also the types of
green spaces to establish in urban areas. Specifically, greenness metrics were variously
defined in different studies. A recent study advocated for UGS spatial pattern metrics
as the best approach of reporting greenness [31]. Earlier studies advocated for the use of
normalized difference vegetation index (NDVI, [16,23,32]), annual population-weighted
vegetation [24], total areas of urban green spaces (UGS) and forests [22], UGS coverage
areas (measured as the ratio of UGS area to total area) [33-35], street greenness [36], and the
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ratio of green-blue areas [36]. Studies that employed these greenness metrics at different
spatial scales reported negative relationships between greenness and COVID-19 infections.
From recent studies, we know that trees rather than any other plant lifeforms are critical
in buffering against high infection and mortality rates of COVID-19 [22]. Other studies
defined greenness differently, employing, for example, natural area coverage (the ratio of
natural area to total area) [37], UGS density [38,39], and Visible Green Index [40], and these
studies reported positive correlations with COVID-19 infection rates. The mismatch in the
findings across different studies could be the facts of inconsistent metrics and spatial scales
of analyses as well as stages of the COVID-19 pandemic [18,31].

Furthermore, the relationships of the spatial patterns or spatial arrangements of
greenness with COVID-19 infections are not yet abundantly investigated [31]. For example,
some studies reported that exposure to small continuous UGS (parks) correlates with
less COVID-19 infection [41], whereas high spatial connections of public UGS correlates
with risk of infection [42]. The question of interest in the present study is: Is the effect
of greenness on COVID-19 infection rate detectable at administrative spatial scales? Our
expectations are that the effects of greenness would be felt more at a finer scale than at
a larger scale because studies that used finer spatial scales show stronger correlations of
greenness in human health [16,18,43].

Finally, most studies that investigated the associations between greenness and COVID-
19 focus heavily on greenness in urban areas and on COVID-19 infection rates (e.g., [12]).
Such studies were conducted in the US [22,34,35], China [32,39], South Korea [33], and
Hong Kong [38], with very rare studies exploring the associations at a country level [24]
and on COVID-19 severity (e.g., [17,18]). It is, therefore, clear that the vast majority of
studies that investigated the associations were conducted in countries that have a high
levels of economic and technological development. More concerning is the evidence that
we know nothing about the potential relationships between greenness and COVID-19 in
the less-developed world.

In the present study, we collected countrywide data on COVID-19 infection and
severity in South Africa along with relevant socio-demographic variables across the entire
country to investigate whether greenness correlates with COVID-19 infection and severity.
Specifically, we ask: Does greenness correlate with COVID-19 infection and severity in the
context of South Africa? Our hypothesis was that greener areas would be resilient to the
spread of COVID-19 infection rate and severity. South Africa was the hardest-hit country
in Africa by the pandemic, and, therefore, it provides us with a unique opportunity to
investigate the influence, if any, of greenness on the spread of the virus. South Africa is
also the epicentre of some variants of the virus, thus making it an excellent case study.

2. Materials and Methods
2.1. Data Collection

Study Area—This study covers the entirety of South Africa. South Africa is an upper
middle-income country located at the southern-most tip of the African continent, with an
estimated population of 60.6 million people in 2022 [44]. The majority of the population is
concentrated in just three of the nine provinces of the country, namely, Gauteng, KwaZulu
Natal, and Western Cape. South Africa’s demographic profile is also characterised by
dense urban populations that continue to increase due to rural-urban migration [45].
Consequently, the three highly populated provinces, which also serve as the biggest eco-
nomic hubs of the country, have the highest population densities, especially in and around
urban areas.

Greenness in South Africa is unique in several aspects. First, it is exceptionally rich
in plant species and biomes. For example, 24,000 vascular plant species are documented
in the country [46,47], and this could be ~26,000 [48], which is roughly 10% of the world’s
flora. Also, South Africa’s greenness spreads across nine different biomes [49], including
Albany Thicket, Desert, Forest, Fynbos, Grassland, Indian Ocean Coast Belt, Nama Karoo,
Savanna, and Succulent Karoo biomes [50]. The Savanna, Grassland, and Nama Karoo
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biomes occupy the largest surface areas. Furthermore, the uniqueness of the greenness of
South Africa is in the country hosting not only three biodiversity hotspots (Cape Floristic
Region, Succulent Karoo, and Maputaland-Pondoland—-Albany hotspot; [46]) but also one
of the six world floral kingdom:s in its entirety—the Cape Floral Kingdom—which is the
smallest but richest floral kingdom of the world [46,51]. Overall, South Africa has enough
greenness (vegetation) with which to investigate potential associations between greenness
and COVID-19 infection and severity.

Administrative Demarcation System in South Africa—Two administrative units,
municipal wards (small) and local municipalities (large), are used to test the impact of
spatial scale. A municipal ward (henceforth Ward) is the smallest administrative unit
in the South African geo-administrative demarcation system, which is followed, in in-
creasing spatial scale, by local municipality, district municipality, and province. There
are currently 4429 Wards, 226 local municipalities, 44 district municipalities (henceforth
districts), and 9 provinces in South Africa. The administrative demarcation (shapefiles) and
surface area data (in square kilometres) for local municipalities and Wards were obtained
from the Municipal Demarcation Board (https://www.demarcation.org.za/, accessed on
11 June 2022).

Socio-demographic Data—We retrieved data describing population size (total num-
ber of people in an area), revenue per capita (in Rand per person), and proportion of
population over the age of 65 years (percentage). These data were retrieved from the Local
Government Handbook: South Africa portal (https://municipalities.co.za/, accessed on
2 July 2022). Population density was calculated by dividing the total population by the total
surface area of a given administrative unit. Population density is included as a predictor
of COVID-19 infection, assuming that higher population density is more likely conducive
to more COVID-19 infections. Annual revenue, however, is included on the basis that
COVID-19 infection rate is higher in low-income communities than not [16]. The inclusion
of the “proportion of population over the age of 65 years” is justified by the evidence that
older people are more likely to experience severe symptoms of COVID-19 than younger
people [52].

All these socio-demographic data were extracted at the local municipality level. Some
of these variables (i.e., age, revenue per capita, population) are not available at the Ward
level. For those variables, we used the local-municipality-level data in the modelling of
our response variable at the Ward level, given that local municipality is simply a spatially
defined set of Wards.

COVID-19 Data—The COVID-19 data, i.e., number of positive cases as well as in-
fection severity in each local municipality and each Ward, were retrieved from the South
African COVID-19 online portal (https://sacoronavirus.co.za/COVID-19-daily-cases/,
accessed on 4 June 2022). The number of COVID-19 cases was cumulative over time, and
infected individuals were recorded only once (people who tested positive for COVID-19
more than once were not re-counted). The data covered 4351 Wards in 212 local munic-
ipalities across 44 districts in 9 provinces. Due to data unavailability for some of these
administrative units, 78 Wards and 14 local municipalities were excluded from this study.

COVID-19 infection was measured in three ways: number of positive cases in each
administrative unit (local municipality and Wards), number of positive cases per surface
area of an administrative unit, and number of positive cases per population of the adminis-
trative unit. The number of cases per population was calculated by dividing the number of
total COVID-19 cases by the total population in each Ward or each local municipality, and
cases per surface area were calculated by dividing the number of COVID-19 cases by the
surface area (km?) of the Ward or local municipality. The cases per surface area were then
rounded-off to the nearest integer prior to further analysis (modelling).

Severity was defined as hospitalisation rate (see also [17]), assuming that hospitali-
sation is a proxy of severe infection (not all positive cases need hospitalisation; if one has
to be hospitalised, this means that the case is a severe one). Severity data were available
at district level and represented the cumulative number of COVID-19 hospitalisations
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as of 1 June 2022 (https:/ /www.nicd.ac.za/diseases-a-z-index/disease-index-COVID-19
/surveillance-reports/daily-hospital-surveillance-datcov-report/; accessed on 4 June 2022).
In this study, we measured COVID-19 hospitalisation in three ways: number of hospitalisa-
tions in each administrative unit (local municipality and Wards), number of hospitalisations
per surface area of the administrative unit, and number of hospitalisations per population
of the administrative unit. The number of hospitalisations per population was calculated by
dividing the number of total COVID-19-related hospitalisations by the total population in
each Ward or each local municipality, and hospitalisations per surface area were calculated
by dividing the number of COVID-19-related hospitalisations by the surface area (km?) of
the Ward or local municipality. Hospitalisations per surface area were then rounded-off to
the nearest integer prior to further analysis (modelling).

Vegetation Landcover or Greenness Data—Landcover data were retrieved from two
sources: the South Africa’s Department of Forestry, Fisheries, and the Environment (DFFE)
(https:/ /egis.environment.gov.za/data_egis/data_download/current, accessed on 27 June
2022) and from Moderate Resolution Imaging Spectroradiometer (MODIS) imagery (https:
/ /ladsweb.modaps.eosdis.nasa.gov/search/, accessed on 26 June 2022). The processing
of spatial data was performed in QGIS version 3.26.0 (https://www.qgis.org/en/site/,
accessed on 26 July 2023), as explained below.

Department of Forestry, Fisheries, and the Environment (DFFE)—The South African
National Land Cover Geographic Dataset, which was published by DFFE in June 2021,
contains raster-based landcover data with spatial references. The dataset has a 20 m spatial
resolution and represents data that were collected during the period from 1 January 2020 to
31 December 2020. The data were divided into 260 different land cover classes covering
nine broad landcover types: forested land, shrubland, grassland, waterbodies, wetlands,
barren land, cultivated land, built-up land, and mines and quarries. We reclassified the
landcover classes to isolate tree and grass landcovers using the Reclassify by Table function
in the Raster Analysis tool in QGIS. This was performed in two ways—firstly, the original
dataset was reclassified into two classes, tree cover (coded as “1”) and non-tree cover
(coded as “0”). Secondly, the process was repeated using the original dataset to isolate
grass cover by reclassifying grassland and shrubland landcover types (coded as “1”) and
other classes as non-grass (coded as “0”). To quantify the proportion of tree landcover type
(in percentage) in each spatial scale (i.e., local municipality and Ward), the sum of cells
that represented tree cover (coded = 1) were divided by the total number of cells in each
administrative unit and then multiplied by 100. The process was repeated for grass cover
data to obtain the proportion of grass cover type in each spatial unit.

Moderate Resolution Imaging Spectroradiometer (MODIS)—Satellite imagery con-
taining vegetation index, specifically Enhanced Vegetation Index (EVI), with a 250 m
spatial resolution was extracted from MODIS. This raster-based satellite imagery con-
tained country-level data about greenness (measured monthly). We extracted data on
greenness over a 30-month period from January 2020 to June 2022. This period repre-
sented the duration of the pandemic in South Africa up to the date of data collection
for the current study (4 June 2022). A layer representing the average greenness for
the 30-month period was created by dividing the sum of all the layers by 30 using the
raster calculator tool in QGIS. The resultant layer was then multiplied by a scale factor
of 0.0001 to obtain EVI values ranging from —1 to +1, as per the product specifications
(https:/ /lpdaac.usgs.gov/products/mod13qlv061/, accessed on 26 June 2022). The Zonal
Statistics tool in the QGIS platform was used to calculate the mean values for EVI in each
administrative unit (local municipality and Ward). The zonal statistics were calculated
using vector-based shapefiles for South Africa’s local municipalities and Wards, which
were obtained from the Municipal Demarcation Board (https://www.demarcation.org.za/,
accessed on 26 July 2023). The data were then saved as an Excel document using the export
function in QGIS.

All data collected were included in this manuscript as Appendix A.
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2.2. Data Analysis

Data Rescaling—The landcover/vegetation variables (i.e., mean values for EVI, as
well as grass and tree covers) along with socio-demographic factors (i.e., age, population
density, and revenue per capita) were measured in different scales; therefore, they were
rescaled using the following formula before further analysis:

rescaled variables = (observation — mean)/standard deviation.
Rescaling was conducted in Microsoft Excel 2016.

Mixed Effect Modelling—All our analyses were performed in R v.4.1.2 [53] (see R
script in Appendix B). Greenness was measured in two ways: mean EVI and vegetation
type cover (tree cover versus grass cover).

We modelled COVID-19 infection rates and infection severity. Our response variable
“COVID-19 infection rate” was defined in three ways: number of COVID-19 positive cases,
number of cases per population (proportion of infection), and number of cases per surface
area (density of infection). Our response variable “severity” was measured as number
of hospitalisations, defined as number of hospitalised people, proportion of hospitalised
people, and number of hospitalised people per surface area (density of hospitalisations).
Our models followed a nested and split plot approach [54] to correct for the spatial non-
independence of our response variables. In this nested and split plot, local municipality was
nested within district, nested within province. Therefore, we modelled COVID-19 infection
rate and severity by fitting generalized linear mixed models (GLMMs) and extensions built
on Template Model Builder, as implemented in the R library GImmTMB [55].

To this end, the R function gimmTMB was used for our modelling since this allowed us
to specify a wide range of statistical distributions (binomial, beta, negative binomial, . ..) and
zero-inflation [55] depending on the type of response variables. Specifying the appropriate
family in a model is meant to account for the errors inherent to the type of data analysed.
As such, we specified the family negative binomial in our models while modelling the
COVID-19 infection rate as the number of COVID-19 cases (count data; [56]), the family beta
while modelling COVID-19 infection as proportion [57], and the family negative binomial
while modelling COVID-19 infection as “density of infection”, which was measured as the
number of COVID-19 cases per surface area (rounded off to the nearest integer).

In addition to the variable “greenness”, three other variables known to predispose
to COVID-19 infection and severity were included in the models as confounders. The
first one was population density. This was because COVID-19 infection rate was expected
to be higher in densely populated areas due to increased chances of human-to-human
contact [58]. The second was the proportion of the population that was over 65 years of
age (variable “age”). This was because older people were particularly vulnerable to the
disease due to age-driven weakened immune systems [59]. The last one was revenue. We
included the revenue per capita in each unit (variable “revenue”) on the basis that low-
income communities are naturally more predisposed to COVID-19 than not [16], given their
overcrowded living arrangements and limited access to quality healthcare [60]. To test for
multicollinearity among predictors, the variance inflation factor (VIF) was calculated, and
variables with VIF > 5 (rules of thumb) were considered as highly collinear. For all variables,
we found no multicollinearity (VIF < 5), except for age (VIF = 6.94) and population density
(VIF = 6.92) only at local municipality. This was addressed by excluding age from the
model of our response variables at the local municipality scale.

A total of 27 models were fitted (covering all possible combinations of the predictor
and response variables, Table S1). In each analysis, conducted at either a district or Ward
scale, age, revenue per capita, and population density were added as confounding variables.
At local municipality scale, only revenue per capita and population density were included
as confounding variables. Age was excluded to eliminate multicollinearity between the
predictor variables. In the proportion of infection data at Ward scale, there were a lot of
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zeros. Therefore, this was corrected by specifying a zero-inflation extension modelling
“proportion of infection” at the municipal ward scale.

Finally, we used the Akaike Information Criterion (AIC) to compare the goodness of fit
of all fitted models of the different response variables (i.e., number of infections, proportion
of infections, and infections per surface area).

3. Results
3.1. The Relationship between Greenness and COVID-19 Infection

At the local municipality scale, the AIC values of all models were always the lowest
when COVID-19 infection was measured as a proportion of infections (AIC < —1387) com-
pared to the number of infections (AIC < 3707.5) or infections per surface area (AIC < 503)
were used (Table 52). We, therefore, report our findings of the models of the proportion of
COVID-19 infection here. When measured as EVI, greenness (3 = —0.32 & 0.06, p < 0.001;
Table 1) showed a significant negative correlation with infection. Furthermore, when green-
ness was measured as vegetation type, only tree covers (and not grass cover) predicted
infection ( = —0.287 £ 0.065, p < 0.001; Table 1). In each case, revenue per capita was the
only confounding factor that significantly predicted infection (p < 0.001).

Table 1. Coefficients of the models of COVID-19 infection measured as proportion of infected people
at Local Municipality scale. Greenness is measured as Enhanced Vegetation Index (EVI), tree cover,
and grass cover. * p < 0.05; ** p < 0.01; *** p < 0.001.

Estimate (3) Std. Error (4) Z Values PR(>1ZI)

EVI —0.32 0.06461 —4.95 <0.001 ***
Population density —0.028 0.03497 —0.81 0.419

Revenue per capita 0.528 0.04549 11.60 <0.001 ***

Tree cover —0.287 0.06532 —4.40 <0.001 ***
Population density —0.036 0.03643 —0.99 0.322

Revenue per capita 0.504 0.04529 11.12 <0.001 ***
Grass cover —0.012 0.04988 —0.239 0.811
Population density —0.029 0.03938 —0.740 0.459

Revenue per capita 0.451 0.04599 9.795 <0.001 ***

At the Ward scale (smaller than local municipality), the models of proportion of
infection always presented the best fit for our data (AIC < —46921, Table S2) and, therefore,
remained the models we focused on. In these models, EVI shows a significant negative
relationship with COVID-19 infections (3 = —0.219 £ 0.06, p < 0.001, Table 2). In addition,
when greenness was measured as vegetation type, both tree cover (3 = —0.1 & 0.05, p = 0.03)
and grass cover (3 = —0.447 £ 0.06, p < 0.001) correlated strongly and negatively with
COVID-19 infections (Figure 1).

Table 2. Coefficients of the models of COVID-19 infection measured as proportion of infected people
at the Ward scale. Greenness is measured as Enhanced Vegetation Index (EVI), tree cover, and grass
cover. *p < 0.05; ** p < 0.01; ** p < 0.001.

Estimate (j3) Std. Error (+) Z Values PRGIZI)

EVI —0.219 0.05761 —3.797 <0.007 ***
Age —0.277 0.17975 —1.543 0.123
Population density —0.561 0.42749 —-1.312 0.189

Revenue per capita —1.449 0.11653 —12.436 <0.001 ***
Tree cover —0.1 0.04653 —2.146 0.032 *
Age -0.077 0.18387 —0.419 0.675
Population density -0.27 0.39398 —0.685 0.494

Revenue per capita —-1.22 0.10575 —11.534 <0.001 ***
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Table 2. Cont

Estimate (3) Std. Error (4) Z Values PR(>I1ZI)
Grass cover —0.447 0.058825 —7.603 <0.001 ***
Age —0.005 0.190021 —0.024 0.981
Population density —1.246 0.549421 —2.268 0.023 *
Revenue per capita —-1.125 0.105906 —10.623 <0.001 ***

Awerage EVT
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Figure 1. Maps showing proportion of COVID-19 infections and greenness measured as EVI and tree
cover at Ward scale.

Across all models, revenue per capita always strongly correlates negatively with
infection (p < 0.001, Figure 2), whereas age never shows a significant correlation with
infection. Population density shows a strong association with infections (3 = —1.246 & 0.55,
p < 0.02) only when greenness is measured as grass cover.
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Figure 2. Maps showing proportion of COVID-19 infections and revenue per capita at Ward scale.
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3.2. The Relationship between Greenness and COVID-19 Severity

We modelled the relationships between greenness and infection severity measured
as hospitalisation rate at district municipality level. Again, models of proportion of hos-
pitalisation showed the smallest AIC value (AIC < —373.8, Table S3). We found that
neither EVI (f = —0.123 + 0.09, p = 0.19), tree cover (3 = —0.17 £ 0.11, p = 0.11), nor
grass cover (3 =0.103 & 0.11, p = 0.35) correlated significantly with COVID-19 severity
(Table 3). However, age consistently showed a strong negative correlation with COVID-19
severity in each model (p < 0.04). Population density had a strong positive association
with COVID-19 severity (3 = 0.344 + 0.17, p = 0.038) in the model where greenness was
measured as grass cover, whereas revenue per capita strongly correlated with COVID-19
severity ( = 0.352 £ 0.16, p = 0.026) in a model where greenness was measured as EVL

Table 3. Coefficients of the models of COVID-19 hospitalisation measured as a proportion of hospi-
talised people at district scale. Greenness is measured as Enhanced Vegetation Index, tree, and grass
cover. *p < 0.05; ** p < 0.01; ** p < 0.001.

Estimate (j3) Std. Error (£) Z Values PRGIZI)

EVI —0.123 0.09355 —1.32 0.188

Age —0.461 0.18636 —2.47 0.013 *
Population density 0.267 0.15066 1.77 0.077

Revenue per capita 0.352 0.15757 2.23 0.026 *
Tree cover —0.172 0.1080 —-1.59 0.111

Age —0.429 0.2069 —2.08 0.038 *
Population density 0.258 0.1480 1.74 0.081
Revenue per capita 0.322 0.1832 1.76 0.078
Grass cover 0.103 0.1098 0.94 0.349

Age —0.433 0.2067 —2.09 0.036 *

Population density 0.344 0.1655 2.08 0.038 *
Revenue per capita 0.273 0.1520 1.79 0.073

4. Discussion
4.1. Greenness versus COVID-19 Infection Rate at Local Municipality Level

At local municipality level, we found that EVI significantly correlated negatively with
COVID-19 infection. This negative correlation implied greater resilience of greener areas
against the spread of infection (see further details below in the discussion of observed
patterns at Ward level). Interestingly, we also found a significant negative correlation of tree
covers (and not grass cover) with COVID-19 infection, suggesting that the negative rela-
tionships between greenness and infection may be driven mostly by trees. Indeed, forested
areas were recently reported to correlate with low COVID-19 infection rate (e.g., [16]), most
likely due to the capacity of forests to improve environmental quality through reduction in
air and noise pollution, heat absorption, etc. [61,62].

However, some studies (two so far) reported significant positive correlations between
greenness and infection [5,42]. In those two studies, greenness was simply approximated.
For example, Huang et al. [5] estimated greenness as “green space density” which is the
proportion of all grass cover, shrubland, and woodland covers in the spatial Unit used
in the study, and they correlated this with infection risk measured as “venue density”
(number of venues or building visited by confirmed COVID-19 positive cases). In this
context, the positive correlation they found simply suggested that green space may attract
more visitors, including those tested positive, for outdoor activities, thus leading to a
positive correlation [5]. In their study, Pan et al. [42] correlated COVID-19 infections with
accessibility of public green spaces, and the positive correlation they found suggested
that easy access to green spaces increased the risk of infection spread. In both studies,
the total amount of greenness was not directly measured (selected vegetation covers in
Huang et al. [5] and green space accessibility in Pan et al. [42]), implying that the proxy
of greenness used in those two studies may not fully capture the amount of vegetation
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required for a negative correlation with infection. In the present study, the total amount of
greenness was directly measured (EVI), and the significant negative correlation we found
may suggest that it is better to measure the total amount of greenness rather than using
proxies if we are to detect any link between greenness and COVID-19 infection rate.

4.2. Greenness versus COVID-19 Infection Rate at Ward Level

At the Ward level, which is our finer spatial scale (compared to local municipalities),
what is more interesting is that all sorts of metrics used to define greenness (EVI, tree cover,
and grass cover) strongly correlate negatively with COVID-19 infection. The potential
role of grass cover in relation to human wellbeing seems controversial. An early study
reported that grasses do not predict human health conditions [63], whereas Yu et al. [64]
found that grasses in urban environment are actually detrimental to children’s health (e.g.,
asthma). Our findings in the present study indicate that not only trees but also grass cover
is beneficial to humans in the context of COVID-19. The effects of grass cover, if any, may
depend on the types of diseases investigated (e.g., asthma, COVID-19, etc.), thus calling for
a meta-analysis to clarify the matter.

Our finding that all sorts of metrics used to define greenness correlate with COVID-19
infection rate at Ward level means that greenness seems to be more effective in influencing
the patterns of COVID-19 infection at finer scale. Indeed, working at a finer scale in urban
areas of the US, Spotswood et al. [16] reported that COVID-19 inflicted the lowest burden
on communities living in greener areas (see also [17]). There are several lines of arguments
subtending this negative relationship of greenness with COVID-19 infection. First, exposure
to greenness improves human health conditions, e.g., physical and mental health as well
as human well-being through the provision of opportunities for physical activities and
recreations [15,20,65]. Furthermore, greenness may assist human body in the fight against
the virus, and this assistance may be mediated through NK (Natural Killers) cells. These are
lymphocyte cells of the innate immune system that limit the spread of microbial and viral
infections by attacking and eliminating virus-infected cells [66]. Evidence suggests that the
efficiency of the NK cells is boosted with human frequent contacts with greenness [21]. Also,
higher air pollution and temperature is reported in areas with less greenness and especially
with fewer trees, and such polluted and hot environments are hotspots of COVID-19
infection (see [62]). This suggests that greenness is linked to improvement of environmental
quality (reduced pollution of air and noise, and reduction in urban heat island effects [61]),
which is beneficial to human health.

It is also important to also highlight that greater greenness implies greater oxygen
provision through photosynthesis, and this would be beneficial to people living in greener
neighbourhoods, given that a lack of oxygen is one of the manifestations of COVID-19
infection. Finally, the absence of greenness, e.g., parks, botanical gardens, etc., may imply
less outdoor recreational or physical activities and more indoor activities. In this study,
greenness is limited to terrestrial green spaces such as forests, urban parks, street trees,
and household gardens. Indeed, green spaces offer opportunities for outdoor activities
that make social distancing possible (as opposed to indoor activities [17]), but the benefits
of green spaces, from the perspectives of outdoor activities, are contingent upon their
level of connectivity and accessibility (see [42]). In the South African context, the use of
outdoor greenness may be limited by the rise in insecurity issues [67], especially during
the lockdowns, forcing people to prefer indoor activities, which might increase the chance
of contamination (unless contacts with non-family members were avoided during the
lockdowns). This is because indoor activities increase person-to-person contacts and thus
easy transmission of airborne diseases such as COVID-19. Overall, the beneficial services
to human health that greenness provides may cause numerous infected people to be
asymptomatic or subclinical [16] as a result of boosted NK (Natural Killer) cell activities
once a human is exposed to greenness [1,21], resulting in the strong negative correlation
that we found between greenness and COVID-19 infection at the Ward scale. Grass cover,
which did not correlate with COVID-19 infection at local municipality level, now does at
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the Ward scale, revealing perhaps the scale dependency aspect of greenness interaction
with health.

4.3. Greenness versus COVID-19 Severity

We found no significant association between greenness and COVID-19 severity re-
gardless of whether greenness is measured as EVI, tree cover, or grass cover. Similar
to our findings for South Africa, Lin et al. [17] failed to detect a significant association
between greenness and COVID-19 severity in the US using the same metric for measuring
severity (hospitalizations). Although several studies have investigated the link between
greenness and COVID-19 infection rate, we recorded only four studies that explored
the link with COVID-19 severity. These studies reported mixed associations between
greenness and COVID-19 severity (death rate or hospitalization). Two of them showed
no significant association between greenness and COVID-19 severity [17,23]. Russette
et al. [25] revealed that the association is rather geography-dependent within the US,
whereas Lee et al. [24] reported a negative association. The inconsistent findings may
be the results of non-standardized metrics of severity (e.g., death rate, hospitalizations,
number of days of hospitalization, and admissions to Intensive Care Units), thus calling
for a meta-analysis of all studies that tackle the question. Indeed, in their meta-analysis,
Phogole and Yessoufou [18] reported that an increase in greenness resulted in a lower
COVID-19 mortality rate ratio, suggesting that the failure to detect a significant negative
correlation in the present study may simply imply that hospitalization is not an excellent
proxy for COVID-19 severity (see also [17]).

4.4. Revenue Per Capita, Age, Population Density, and Income Levels versus COVID-19 Infection
and Severity of COVID-19

Our analysis shows that the impact of confounding factors on the prevalence of
COVID-19 is dependent on the spatial scale of measurement. On one hand, we found that
revenue, but not age, is a significant predictor of the prevalence of COVID-19 infection,
irrespective of the spatial scale used. On the other hand, population density is strongly
associated with COVID-19 infection only at the Ward scale and when greenness is measured
as grass cover, further supporting the scale dependency of the relationships [16]. At the
Ward scale, both the revenue per capita and population density show a significant negative
relationship with the prevalence of COVID-19. This means that wealthy and densely
populated Wards tend to exhibit fewer infections, perhaps reflecting the negative significant
effects of greenness that we have reported in this study on infection rate at Ward scale.
The observed negative association between population density and COVID-19 infection
contradicts existing studies which found that densely populated areas are more susceptible
to infection primarily due to increased chances of person-to-person contact [59,68]. This
inconsistency may be attributed to the positive effects of the different restrictive measures
put in place by the government (e.g., use of hand sanitizer, social distancing, lockdown, etc.).

We also found that income level showed a significant negative association with
COVID-19 prevalence at the Ward level, suggesting a link between poverty and suscep-
tibility to COVID-19 infection. Similar findings were reported in Spain [69], and in the
US ([70-72]; but see [16]), mirroring what some called “pandemic injustice” [73]. This
pandemic injustice may be the consequence of poorer neighbourhoods being less green
than wealthier ones [74-76]. Various poverty-related factors such as overcrowded human
settlements, inadequate personal and environmental hygiene, and limited access to quality
healthcare may contribute to high susceptibility to COVID-19 infection, thus explaining our
finding. Similarly, in their study, Kim et al. [60] found that high-income groups in South Ko-
rea had 0.98-time lower odds of contracting COVID-19 in comparison to their low-income
counterparts. In terms of severity, we found a significant positive relationship between
revenue per capita or income levels and severity of COVID-19 impacts. This suggests
that wealthy communities tend to suffer severe consequences of COVID-19. This could
be because wealthy people may have underlying conditions (comorbidity, e.g., obesity)
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that may predispose them to COVID-19 severity. In support to our claim, Nwosu et al. [77]
revealed that South African from wealthy families are more likely to be overweight and
obese than not.

The severity of COVID-19 has also been shown to be density-dependent. High popula-
tion density allows for high transmission of COVID-19 primarily through increased chances
of person-to-person contact among individuals [58], which subsequently leads to higher
rates of severe COVID-19 cases. In our study, we found that population density is positively
associated with COVID-19 severity. Other studies have reported similar patterns [78-80].
Altogether, our study shows that densely populated communities suffer less COVID-19
infection but higher COVID-19 severity. Densely populated communities are generally poor
communities characterized by overcrowded human settlements, unhygienic environment,
limited access to quality healthcare, and unhealthy dietary behaviour, all of which may
predispose to severe COVID-19.

Looking at the impact of age on COVID-19 infection (at Ward level), we found no
significant association between age and the prevalence of COVID-19 (see also [16]). This
suggests perhaps that older people may have followed the recommendations provided
to avoid being contaminated scrupulously (social distancing, facemasks, etc.). However,
we would expect older people, once contaminated, to suffer severe consequences due to
weakened immune systems [59]. Surprisingly, we found that age is negatively associated
with COVID-19 severity (but, see [81]), thus supporting perhaps our claim of a scrupulous
behaviour of older people.

Our approach has a limitation. Socioeconomic data were not available at the Ward
scale, and, therefore, the socio-economic data for a given local municipality were used for
the corresponding Wards. This approach may introduce bias in the analysis given that
different Wards in the same local municipality may have different socioeconomic profiles.
However, we do not think that the differences between Wards data and the data of the
corresponding local municipality would be so huge that the bias would cause a dramatic
change in our results, given that those Wards shared the same local municipality.

5. Conclusions

In summary, this study provides insights into the association between greenness and
COVID-19 infection and severity in the context of a developing country. We found evidence
of poor neighbourhoods being more susceptible to COVID-19 infection: pandemic injustice.
Similar to emerging patterns in developed countries [18], areas with higher greenness
are linked to fewer positive COVID-19 cases. Furthermore, the spatial scale of analysis
was found to be an important determinant of the significance of the relationship between
greenness and COVID-19. Although higher EVI and tree cover are associated with reduced
COVID-19 infection across both the local municipality and Ward levels, the impact of grass
cover is significant only at the Ward level. Our results reinforce the need for policy-makers
to establish and preserve greenness particularly in developing world, given its ability to
moderate the spread and severity of COVID-19 [18].
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