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ABSTRACT

Motives: This article explores the relation between the course of the COVID-19 pandemic and the
level of Sustainable Development of Polish counties. First, the data was collected to describe the level
of Sustainable Development in terms of Social, Environmental and Economical indicators. In the
second step, using data regarding the number of COVID-19 cases and the number of deaths caused
by the pandemic, a regression model was built using Multiscale Geographically Weighted Regression
(MGWR).

Aim: Authors decided to create a comprehensive model of the level of Sustainable Development.
This approach made it possible to analyze the relations between the level of Sustainable Development
and the course of the COVID-19 pandemic, as well as provided an opportunity to address the
individual components of the model.

Results: The values of the coefficient of determination of the regression model indicate a high and very
high fit. The MGWR model also made it possible to develop maps of local R-Squared values. These
maps, by exploring spatially varying relationships between variables, further allowed to identify local
anomalies of the phenomenon.

Keywords: COVID-19, pandemic, GWR, MGWR, Geographically Weighted Regression, Multiscale

Geographically Weighted Regression

INTRODUCTION

The first cases of COVID-19 were reported
in Wuhan, capital of Hubei province, in December
2019 (Q. Li et al., 2020; Zhu et al., 2020). Over the next
few years, the disease quickly spread to every province
of China and to other countries across the world.
On March 11, 2020, the World Health Organization
announced the coronavirus outbreak as a pandemic
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(Di Gennaro et al., 2020). Although today the COVID-19
pandemic is no longer the most important topic, it has
already changed the world and has become one of the
greatest health challenges of the 21st century.
Today, researchers have the ability to analyze
the course of the pandemic from a certain time
perspective. An increasing amount of data is available
to allow for broader and more diverse analyses, both
of the course of the pandemic and of the factors that
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may have influenced its course. In the available
scientific databases, one can find many articles related
to the impact of the COVID-19 pandemic on the
health and lives of people (Clemente-Suarez et al.,
2021; S. Li et al., 2020; Linton et al., 2020; Marom
et al,, 2022; Meyer et al., 2020; Shekhar et al., 2021;
Solomou & Constantinidou, 2020; C. Wang et al.,
2020; Zhang et al., 2020; Zhang & Ma, 2020). This
topic seems to have been most extensively studied by
scientists from many countries. The impact of the
pandemic on both physical and mental health has been
highlighted. It has been confirmed that the pandemic
has changed the lifestyles and behaviors of people
around the world (Castafieda-Babarro et al., 2020;
Gualano et al., 2020; Lesser & Nienhuis, 2020; Mazza
etal., 2020; Md Iderus et al., 2022; Stanton et al., 2020;
Suzuki et al., 2020; Taff et al., 2021).

Various factors that could have influenced the
COVID-19 pandemic were also analyzed. These
primarily involved demographic factors (Alves et al.,
2021; Kodera et al., 2020; Starke et al., 2020). Among
other things, it was confirmed that an important factor
in the course of the pandemic appeared to be the age
structure of the population. A number of studies also
addressed the impact of environmental factors on the
course of the pandemic (Coccia, 2020; Comunian
et al., 2020; Johnson et al., 2021; Y. Ma et al., 2020;
Q. Wang et al,, 2017; Xie & Zhu, 2020). The effects
of temperature and air pollution on the course of the
pandemic were demonstrated (Baniasad et al., 2021;
Jamshidi et al., 2020). Most of the studies related to
economic factors were concerned with the impact
of the COVID-19 pandemic on the economic itself
(Ahundjanov et al., 2020; Cao et al., 2020; Ghiani
et al., 2020; Navon et al., 2021; Sharif et al., 2020).

Geographic Information System (GIS) is a com-
puter system used to input, collect, process, and
visualize geographic data, with decision support
as one of its functions (Ciski & Rzgsa, 2021). GIS
tools have proved extremely useful for analyzing
the spatial patterns of the course of the COVID-19
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pandemic. Building regression models in a GIS
environment allows for a thorough study of the factors
influencing the course of the pandemic. Regression
models incorporating spatial determinants, such as
Geographically Weighted Regression (GWR) and
Multiscale Geographically Weighted Regression
(MGWR), appear to be particularly useful (Brunsdon
et al.,, 1996; Comber et al., 2022; Franch-Pardo et al.,
2020; Mennis, 2006; Mohammad Sham et al., 2022;
Permai et al., 2021; Rzgsa & Ciski, 2022; S. Yu et al.,
2022; Yue et al., 2022).

The available scientific databases lack articles
that comprehensively analyze the impact of factors
describing the relationship between the level
of Sustainable Development and the COVID-19
pandemic. This article therefore undertakes such an
analysis. Thus, the main purpose of the article was to
investigate whether a relation could be demonstrated
between the course of the COVID-19 pandemic, as
described by the number of cases and the number
of deaths caused by the pandemic, and the level
of Sustainable Development of an area. Poland was
chosen as the study area, and detailed analyses were
carried out at the administrative level of counties.

The research objective formulated in this way
was carried out in two stages. In the first, data
were collected to describe the level of Sustainable
Development of the studied counties in terms of social,
environmental, and economical characteristics.
In the second step, using data regarding the number
of COVID-19 cases and the number of deaths caused
by the pandemic, using Multiscale Geographically
Weighted Regression, a regression model was
built to determine whether and to what extent the
characteristics describing the level of Sustainable
Development explain the course of the pandemic.

The obtained results, on the one hand can provide
further confirmation of the validity of the concept
of Sustainable Development, on the other hand, could
serve as an important element for decision-makers to
use in the fight against the possible next pandemic.
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MATERIALS AND METHODS

Study area

Determining the level of sustainable development
as well as analyzing the course of the COVID-19 pan-
demic was carried out for the counties of Poland,
the second level of the country’s administrative divi-
sion. Poland is divided into 380 counties. The average
county area is about 822 square kilometers. Among
380 counties, there are 66 cities with county rights —
municipalities with city status, carrying out county
duties. The smallest county is Swietochlowice city
county with an area of 13 square kilometers, and the
largest county (with an area of 2,975 square kilome-
ters) is Bialystok county. Due to the rather small area
of the analyzed polygons, the chosen degree of detail
of the study will allow a thorough investigation of the
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Fig. 1. Study area - counties of Poland
Source: own elaboration using ArcGIS Pro 3.2 by Esri.
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phenomenon, while maintaining a relatively higher
administrative level, which ensures greater availability
of data. Also, the number of counties in Poland meets
the requirements of the GWR and MGWR (over 160)
(Devkota et al., 2014). Fig. 1 shows the study area -
the borders of voivodeships and counties, the highest
and the second highest level administrative division
of Poland.

Data source and processing

The first step in the research process was to
describe the examined counties of Poland with the
unified index of Sustainable Development. Polish
law in the Environmental Protection Act defines
Sustainable Development as “the socio-economic
development integrating political, economic, and
social actions, balanced with environmental protection
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and permanence of basic natural processes” (Act of
27 April 2001 Environmental Protection Law, 2001).
The problem of measuring the level of sustainable
development is an issue that many researchers have
addressed in their studies. In previous studies, the
authors have proposed a method for the classification
of objects based on the natural breaks of Jenks in order
to measure the level of sustainable development
(Rzasa & Ciski, 2021). To study the impact of different
factors on the course of the COVID-19 pandemic
in this article, the authors decided to create a general
statistical model. This approach made it possible,
on the one hand, to comprehensively analyze the links
between the level of Sustainable Development and
the course of the COVID-19 pandemic, and, on the
other hand, provided an opportunity to refer to and
analyze the individual components of the model
(three thematic groups: Social, Environmental, and
Economical). The unified index was determined using
data from Statistics Poland, a central government
office for the collection and publishing of statistical
information on most areas of public life. This data
source is reliable, it is used in various scientific studies.

The level of sustainability was described with
30 factors, 10 of each related to social, environmental,
and economical elements, respectively. Its selection
was determined by an analysis of the subject literature
(Azapagic & Perdan, 2000; Bossel, 1999; Drastichova,
2017; European Commission, 2015; Hak et al., 2016;
Klopp & Petretta, 2017; Mori & Christodoulou, 2012;
Morton et al., 2017; Schleicher-Tappeser, 2018; Shen
etal,, 2011; Spangenberg, 2015; United Nations, 2007,
2015) as well as the availability of data at the county
level of detail. Sustainability studies conducted by
different researchers for different case studies, such
as countries, administrative parts of countries, etc.,
were also analyzed (Bak & Cheba, 2018; Czerminska,
2002; Koszel & Bartkowiak, 2018; Moran et al., 2008;
Mortensen, 2013; Stafford-Smith et al., 2017). Factors
that relate to the level of various aspects of the devel-
opment of social functions of area include: V1 - the
number of housing units per 1,000 residents; V2 - the
number of beneficiaries of community social assis-
tance per 10,000 population; V3 - the number of cul-
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tural centers, houses and centers, clubs, and com-
munity centers; V4 — the number of beds in general
hospitals; V5 - the number of stationary social assis-
tance institutions; V6 — number of families granted
social assistance due to poverty; V7 — average floor
area of an apartment per 1 person; V8 — enrollment
rate in elementary schools, defined as the ratio of the
number of all residents studying at a given level to the
total population of residents of the age nominally
assigned to that level of education; V9 - expenditures
incurred on social assistance; and V10 - infant deaths
per 1,000 live births.

Factors that relate to the level of elements affecting
the environment include: V11 - emission of gaseous
pollutants; V12 — emission of particulate pollutants;
V13 - population using wastewater treatment plants;
V14 - the area of legally protected areas per capita;
V15 - the amount of municipal wastewater treated
per 100 km?2; V16 - the amount of total wastewater
treated; V17 — the amount of industrial wastewater
treated per 100 km?; V18 — share of green areas in the
total area; V19 — water consumption for economy and
population; and V20 - total amount of municipal
waste collected per year.

The level of economic development of the area was
described by: V21 - income of county budgets; V22 -
investment expenditures in enterprises per capita;
V23 - number of registered economic entities per
1,000 population; V24 - number of registered motor
vehicles and tractors; V25 — number of issued permits
and notifications for construction of residential
buildings; V26 - number of employed per 1,000
population; V27 - the amount of average monthly
gross wages; V28 — the share of the area covered by
valid local zoning plans in the total area (planning
documents giving the right in Poland to change the
zoning of area in a more intensive way); V29 - the
value of housing units sold in market transactions;
and V30 - expenditures of county budgets.

The next step of the research was to standardize
the above indicators using Jenks’ Natural Breaks
classification method. Each variable has been
separately classified using the Jenks optimization
algorithm, with ArcGIS Pro 3.2 software. In order
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to correctly assign counties to classes, it was necessary
to divide variables into stimulants and destimulants —
variables whose increase in value indicates an increase
in the level of Sustainable Development were selected
as stimulants; and variables whose increase in value

Table 1. Selected factors

indicates a decrease in the level of Sustainable
Development were selected as destimulants. Based on
this division, using Jenks’ Natural Breaks classification
method, each variable was assigned a corresponding
numerical value <0;10>. The following Table 1 lists the

Tlcl;zllj;ic Variable Symbol Imp ag;jgj;;t:;?able
the number of housing units per 1,000 residents V1 Stimulant
the number of beneficiaries of community social assistance per 10,000 .
population V2 Destimulant
the number of cultural centers, houses and centers, clubs and community .
centers V3 Stimulant
number of beds in general hospitals V4 Stimulant
Social number of stationary social assistance institutions V5 Stimulant
number of families granted social assistance due to poverty V6 Destimulant
average floor area of an apartment per 1 person V7 Stimulant
enrollment rate in elementary schools V8 Stimulant
expenditures incurred on social assistance \E Stimulant
infant deaths per 1,000 live births V10 Destimulant
emission of gaseous pollutants V11 Destimulant
emission of particulate pollutants Vi2 Destimulant
population using wastewater treatment plants V13 Stimulant
area of legally protected areas per capita Vi4 Stimulant
Environmental amount of municipal wastewater treated per 100 km? V15 Stimulant
amount of total wastewater treated V16 Stimulant
amount of industrial wastewater treated per 100 km? V17 Stimulant
share of green areas in total area V18 Stimulant
water consumption for economy and population V19 Destimulant
total amount of municipal waste collected per year V20 Destimulant
income of county budgets V21 Stimulant
investment expenditures in enterprises per capita V22 Stimulant
number of registered economic entities per 1,000 population V23 Stimulant
number of registered motor vehicles and tractors V24 Stimulant
number of issued permits and notifications for construction of residential .
Economic buildings V25 Stimulant
number of employed per 1,000 population V26 Stimulant
the amount of average monthly gross wages V27 Stimulant
the share of the area covered by valid local zoning plans in the total area V28 Stimulant
the value of housing units sold in market transactions V29 Stimulant
expenditures of county budgets V30 Stimulant

Source: own elaboration on the basis of data from Statistics Poland.
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selected variables broken down by thematic section,
with appropriate symbol, and stimulant/ destimulant
breakdown.

In such a way, Poland’s counties were described
by the unified Sustainable Development index. Such
extracted data were later used for analysis using the
MGWR method as explanatory variables.

From the database published by Michal Rogalski
and Konrad Kalemba, the two main variables
describing the course of the COVID-19 pandemic:
“the number of SARS-CoV-2 cases” and “the number
of deaths due to SARS-CoV-2 infection”, were obtained
(Michat Rogalski (@micalrg) / Twitter, 2022; Rogalski,
2022). Many studies on the COVID-19 pandemic issue
in Poland use these trusted databases (Ciski & Rzasa,
2023; Duszynski et al., 2020; Kaczmarek & Mikutla,
2022; Lorent et al., 2021; Parysek & Mierzejewska,
2022; Sleszyﬁski, 2020). These variables were used
for analysis using the MGWR method as dependent
variables.

Tabular data containing aforementioned varia-
bles were merged and combined with polygon data
representing the administrative boundaries of coun-
ties of Poland from the polish National Register of
Boundaries (NRB) (Gléwny Urzad Geodezji i Kar-
tografii, 2023), an official polish spatial database.

Research method

A null hypothesis had to be established and the
statistical significance of all the variables analysed
had to be tested to ensure that the results were not
the result of chance before the regression model was
developed. ArcGIS Pro 3.2 software was used to
perform a spatial autocorrelation analysis (Global
Moran’s I). One of the most common ways to
measure spatial autocorrelation is to calculate the
Moran’s I index (Gao et al., 2022; Han & Sui, 2019;
Lichstein et al., 2002). Moran’s I = 0 indicates no
spatial autocorrelation, Moran’s I > 0 indicates spatial
autocorrelation, with positive and negative values
indicating positive and negative autocorrelation,
respectively. When the null hypothesis is rejected (i.e.
the results of the study are not the result of chance),
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it is possible to conduct the study using Multiscale
Geographically Weighted Regression (MGWR), the
extended and advanced version of Geographically
Weighted Regression (GWR). GWR is based on the
assumption that all modeled processes occur at the
same spatial scale; MGWR creates a separate and
optimized bandwidth for each relationship in the
model, therefore indicating how different relationships
perform at different spatial scales, to provide more
accurate local estimates (Fotheringham et al., 2017).

MGWR is used to analyze a variety of problems
in geography, urban planning and other disciplines
by investigating geographically varying relationships
between dependent and explanatory variables (Chen
& Luo, 2022; Geddes et al., 2021). Most importantly,
the validity of using this method to model the course
of the COVID-19 pandemic has been proven (Ciski
& Rzgsa, 2023; He et al., 2023; J. Ma et al., 2022;
Mohammadi et al., 2023). MGWR extends GWR by
examining relationships at different spatial scales
using different bands instead of a single constant band.
Different bandwidths allow MGWR to model a wider
range of geographic phenomena than other regression
models, providing better estimates, more accurate
predictions and less multicollinearity (He et al., 2023;
Oshan et al., 2019). MGWRs allow for the estimation
of the effect of explanatory variables on the dependent
variable, and the identification of counties where the
effect of variables differs, for the purpose of studying
and interpreting spatial non-stationarity. MGWR
is expressed as:

yi = Bo(u;vy) + Zkﬁbwk(ui: v)xik & (1)

where:
bz - the dependent variable of the i-th,
X - the explanatory variable of the i-th,
u;and v; - the spatial coordinates of the i-th

(i.e., the centroid coordinates of the
counties),

By (> v;) — the estimated coefficient of the k-th
explanatory variable for the i-th with

the bw bandwidth,
& - the residual at the location (u;,v,).
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A comparison of the magnitude of the MGWR-
derived R-Squared index for all variables analyzed
will allow conclusions to be drawn. RR-Squared
is a measure of model performance and should be
understood as the proportion of the variance in the
dependent variable accounted for by the regression
model, summarizing how well the estimated values
match the observed values. The MGWR tool
in ArcGIS Pro 3.2 enables the calculation of “Adjusted
R-Squared”, which reflects the complexity of the
model (the number of variables) as it relates to the
data. The Adjusted R-Squared value is the preferred
and more accurate measure of the performance of the
model (Fotheringham et al., 2006).

In addition, the maps of local R-Squared values
generated with MGWR tool will allow the study
of local anomalies in the analyzed phenomena, and
is useful in identifying locations that have significant
local parameter estimates to help focus attention on
regions of interest (H. Yu et al., 2020).

A total of eight regression models were developed,
all using MGWR, to assess the influence of the level
of Sustainable Development of Poland’s counties on
the course of the COVID-19 pandemic:

1. The number of SARS-CoV-2 cases explained by
the unified index of Sustainable Development (all
30 variables).

2. The number of deaths due to SARS-CoV-2 infection
explained by the unified index of Sustainable
Development (all 30 variables).

3. The number of SARS-CoV-2 cases explained by
the Social group (V1-V10 variables).

4. The number of deaths due to SARS-CoV-2 infection
explained by the Social group (V1-V10 variables).

5. The number of SARS-CoV-2 cases explained by
the Environmental group (V11-V20 variables).

6. The number of deaths due to SARS-CoV-2 infection
explained by the Environmental group (V11-V20
variables).

7. The number of SARS-CoV-2 cases explained by
the Economical group (V21-V30 variables).

8. The number of deaths due to SARS-CoV-2 infection
explained by the Economical group (V21-V30
variables).

@krzysztof.rzasa@uwm.edu.pl; Kmateusz.ciski@uwm.edu.pl

All generated regression models were prepared
using the Multiscale Geographically Weighted
Regression tool in ArcGIS Pro 3.2 software.

RESULTS

The first step in understanding the studied phe-
nomenon is to analyze its spatial distribution. For
this purpose, two maps were generated using the car-
tographic method of choropleth map, in ArcGIS Pro
3.2 software. The results are presented on Fig. 2 below.

Even such a simple study of the spatial distribution
of a phenomenon can often shed light on its character.
In the case of the two dependent variables, describing
the course of the COVID-19 pandemic: the number
of SARS-CoV-2 cases (Fig. 2a), and the number
of deaths due to SARS-CoV-2 infection (Fig. 2b), it is
difficult to see any characteristic spatial trends in the
distribution of the phenomenon. In order to more
accurately depict the two dependent variables, a hot
spot analysis was carried out using the “Optimized
Hot Spot Analysis” tool in ArcGIS Pro 3.2 software.
The results are shown on maps in the Fig. 3 below.

Optimized Hot Spot Analysis executes the
Hot Spot Analysis tool using parameters derived
from characteristics of the input data, and reflects
the distribution of hot and cold spots. In the case
of the variable “the number of SARS-CoV-2 cases”
(Figure 3a), a significant hot spot cluster was recorded
in the vicinity of Poland’s capital, Warsaw. Map
for the second variable ,,the number of deaths due
to SARS-CoV-2 infection” (Fig. 3b) demonstrates,
in turn, a large hot spot in the Silesian Voivodeship,
and a smaller one in several counties of the Masovian
Voivodeship.

Null hypothesis

The Spatial Autocorrelation (Global Moran’s I)
tool in ArcGIS Pro 3.2 was used for the assessment
of the probability that the null hypothesis is true or
false. This tool measures spatial autocorrelation on
the basis of feature values and locations; and evaluates
whether the pattern of the data is clustered, dispersed,
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Fig. 2. Spatial distribution of two dependent variables, describing the course of the COVID-19 pandemic: the number of SARS-
CoV-2 cases (a), and the number of deaths due to SARS-CoV-2 infection (b)
Source: own elaboration using ArcGIS Pro 3.2 by Esri.
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Fig. 3. Hot Spot analysis of two dependent variables, describing the course of the COVID-19 pandemic: the number of SARS-
CoV-2 cases (a), and the number of deaths due to SARS-CoV-2 infection (b)
Source: own elaboration using ArcGIS Pro 3.2 by Esri.
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Spatial Autocorrelation reports of two dependent variables, describing the course of the COVID-19 pandemic: the number

of SARS-CoV-2 cases (a), and the number of deaths due to SARS-CoV-2 infection (b)

Source: own elaboration using ArcGIS Pro 3.2 by Esri.

or random. “Inverse distance squared” was selected
as the “Conceptualization of Spatial Relationships”
parameter, with closest nearby neighboring counties
having a larger influence on the computations for
a target county than features that are far away.
The chosen parameter of the tool reflects and models
the analyzed phenomenon to the highest degree.
All the study variables were analyzed in this way;
Fig. 4 presents Spatial Autocorrelation reports of two
dependent variables: the number of SARS-CoV-2 cases
(a), and the number of deaths due to SARS-CoV-2
infection (b). Due to the large number of variables,
reports on the explanatory variables can be found in
Supplementary Materials.

Detailed analysis of the results of Spatial Auto-
correlation (Global Moran’s I) makes it possible to

Table 2. Summary of the spatial autocorrelation

estimate the spatial pattern of the studied variables.
A positive value of Moran’s I indicates a clustering
tendency, while a negative value of Moran’s I indicates
a dispersion tendency, when the z-score or p-value
indicates statistical significance. The following Table 2
shows the results of this measure, with indication
if analyzed data has a tendency to form clusters or to
be disparate.

An autocorrelation analysis showed that almost
all variables tend to form clusters (except for variables
V4 and V8, “number of beds in general hospitals” and
“enrollment rate of elementary schools” respectively).
The p-value indicates that all variables are statistically
significant. Results allow rejecting the null hypothesis
and proceeding with the rest of the study.

Variable p-value Z-score Spatial pattern
1 2 3 4

the number of SARS-CoV-2 cases 0.00 5.73 Clustered

the number of deaths due to SARS-CoV-2 infection 0.02 2.36 Clustered
\%! 0.00 4.71 Clustered

V2 0.00 14.82 Clustered

V3 0.03 2.17 Clustered

V4 0.00 -5.13 Dispersed
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cont. Table 2

1 2 3 4
V5 0.00 8.04 Clustered
V6 0.00 3.80 Clustered
v7 0.00 10.93 Clustered
V8 0.00 -11.66 Dispersed
A% 0.04 2.10 Clustered
V10 0.05 1.93 Clustered
Vi1 0.02 2.28 Clustered
V12 0.03 2.24 Clustered
Vi3 0.00 9.98 Clustered
Vi4 0.00 12.67 Clustered
V15 0.00 3.32 Clustered
Vie 0.05 1.99 Clustered
V17 0.00 8.32 Clustered
V18 0.00 2.82 Clustered
V19 0.01 2.68 Clustered
V20 0.00 3.79 Clustered
V21 0.00 3.38 Clustered
V22 0.00 3.41 Clustered
V23 0.00 14.56 Clustered
V24 0.00 3.39 Clustered
V25 0.00 6.75 Clustered
V26 0.01 2.56 Clustered
V27 0.00 7.63 Clustered
V28 0.00 19.51 Clustered
V29 0.01 2.44 Clustered
V30 0.00 3.47 Clustered

Source: own elaboration with ArcGIS Pro 3.2 by Esri.

Calculating the level of Sustainable
Development of polish counties, and its
influence on the dependent variables

The next step of the study was to assess the impact
of the level of Sustainable Development of Poland’s
counties on the course of the COVID-19 pandemic,
represented by the number of SARS-CoV-2 cases, and
the number of deaths due to SARS-CoV-2 infection.
For this purpose, all the explanatory variables
studied were used to build a two regression models
(using the MGWR tool in ArcGIS Pro 3.2 software).
In addition, six separate regression models were built
from variables in the subsequent three groups (Social,
Environmental, and Economical) to examine changes
in the impact of specific thematic groups.
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When explanatory variables are correlated,
they share mutual information and the regression
model cannot distinguish between the effects of the
variables, so multicollinearity has a negative impact
on coefficient estimation and optimal neighborhood.
MGWR tool in ArcGIS Pro 3.2 highlights potential
problems with multilinearity — none were found in the
8 developed regression models.

The indicator values for these models are shown
in Table 3 below. Tables with complete regression
results and autocorrelation reports of Adjusted
R-Squared can be found in Supplementary Materials.

The values of the Adjusted R-Squared index
indicate a high and very high fit of the model to the
dependent variables. The explanatory variables explain
the variable “the number of SARS-CoV-2 cases_ much
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Table 3. The level of goodness of fit of the 8 regression models,
expressed by the coefficient of determination — Adjust-
ed R-Squared index

Coefficient of determination,
Adjusted R-Squared

The number ;}zfe;]‘;l?}jiire
of SARS-CoV-2 to SARS-CoV-2
cases . .
infection
Sustainable " *
Development level 0.8737 0.7061
Social group 0.7469* 0.6005*
Environmental 0.7574* 0.5708*
group
Economical group 0.8250* 0.6882*

Note: *—statistically significant at the p < 0.01 level
Source: own elaboration with ArcGIS Pro 3.2 by Esri.

better, the values of the Adjusted R-Squared index
here are in the range of approximately 0.75-0.88.
Less fit are the models explaining the variable “the
number of deaths due to SARS-CoV-2 infection”,
in this case, the Adjusted R-Squared values are about
0.57-0.71. Of all the models, the highest value of
the Adjusted R-Squared index was recorded for the
unified level of Sustainable Development explaining
the variable “the number of SARS-CoV-2 cases” -
approximately 0.88.

In addition, the extracted models for each thematic
group are characterized by different levels of model fit.
Economical group explains the explanatory variables
best, at a level of around 0.83 and 0.69. The other
groups explain the explanatory variables to a lesser
extent. The variable “the number of SARS-CoV-2
cases” is worst explained by the Social group model,
while the variable “the number of deaths due to SARS-
CoV-2 infection” - by the Environmental group model
(respectively around 0.75 and 0.57).

The MGWR tool allows the creation of maps
of local R-Squared values. These maps provide
a better picture of such a complex phenomenon as the
COVID-19 pandemic, and are useful in identifying
locations that have significant local parameter
estimates (H. Yu et al., 2020). Comparison of the
content of maps is only viable if uniform classification
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is used (Ciski et al., 2019). The classification of the
maps was standardized to allow comparison of the
local R-Squared distribution for the models explaining
the variables “number of SARS-CoV-2 cases” and
“number of deaths due to SARS-CoV-2 infection”. This
way, each class on each map for variables “the number
of SARS-CoV-2 cases” and “the number of deaths due
to SARS-CoV-2 infection” matches the same values.
This allows to draw the correct conclusions without
any spatial classification bias, that can occur when
trying to compare data visualized using different
class intervals.

The following Fig. 5, 6, 7, and 8 presents the
local R-Squared values for the models of Sustainable
Development level, Social group, Environmental
group, and Economical group.

The use of a unified cartographic classification
allows the comparison of local R-Squared maps. While
the impact of the explanatory variables varies (which
is strongly noticeable by comparing the intensity of the
symbolization of the classes of the maps), the general
trend of the spatial distribution of the phenomenon
is quite similar — a notable separation of the eastern
and western parts of the country is evident. This trend
is more pronounced in the map for the variable “the
number of deaths due to SARS-CoV-2 infection”
(Fig. 5b). In the case of the map for the variable “the
number of SARS-CoV-2 cases” (Fig. 5a), one can see
lower values of local R-Squared for counties in the
eastern part of Poland, and more distinctly higher
values of local R-Squared for the central part of the
country.

The local R-Squared map for the “Social” the-
matic group for the variable “the number of SARS-
CoV-2 cases” (Fig. 6a) shows a very unified picture
of the phenomenon - all counties in the country are
described by only two adjacent classes. A completely
opposite picture is presented by the map for the
variable “the number of deaths due to SARS-CoV-2
infection” (Fig. 6b) — a similar spatial trend can be
observed here as in the corresponding map in Figure 5,
with a stronger emphasis on the northeastern part
of the country. A very unusual situation is the occur-
rence of counties with opposite classes (marked in red
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1 Country boundaries
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Development Index
Local R-Squared

0.771-0.779
0.780-0.786
0.787-0.793
©0.794-0.909
0.910-0.910
I 0.911-0.911

~ I 0.912-0.913

Fig. 5. Local R-Squared maps - unified Sustainable Development index for variables “the number of SARS-CoV-2 cases” (a) and

“the number of deaths due to SARS-CoV-2 infection” (b)

Source: own elaboration using ArcGIS Pro 3.2 by Esri.

0 25 50 100 150 200
km
3 Voivodeship boundaries

[__J Country boundaries

Social Index
Local R-Squared

-0.16-0.00
0.01-0.53
0.54-0.63
0.64-0.78

0 0.79-0.79
I 0.80-0.81
N 0.82-0.85

Fig. 6. Local R-Squared - Social Index for variables “the number of SARS-CoV-2 cases” (a) and “the number of deaths due to

SARS-CoV-2 infection” (b)
Source: own elaboration using ArcGIS Pro 3.2 by Esri.

and green) in close proximity. This indicates the
presence of very large local anomalies in the studied
phenomenon in this area, namely the northern part of
the Warmian-Masurian Voivodeship and the north-
eastern part of the Kuyavian-Pomeranian Voivodeship.

As outlined in the previous figure, the phenom-
enon of the occurrence of extreme values of local
R-Squared in neighboring counties is much more
evident in the map for the Environmental group.
Very unusual is the occurrence in a number of places
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of strong negative values of the R-Squared index
(marked in red on all maps) alongside a strong pos-
itive values. Large clusters of such incidences can
be seen in the northeastern and southwestern parts
of the country.

The spatial distribution of the local R-Squared
environmental group for the explained variable “the
number of deaths due to SARS-CoV-2 infection”
(Fig. 7b) is almost identical to that of the previous
group — Social (Fig. 6b). Again, the extreme values
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1 Country boundaries

Environmental Index
Local R-Squared
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-0.02-0.00
0.01-0.61
0.62-0.75

W 0.76-0.83
BN 084-093

Fig. 7. Local R-Squared - Environmental Index for variables “the number of SARS-CoV-2 cases” (a) and “the number of deaths

due to SARS-CoV-2 infection” (b)
Source: own elaboration using ArcGIS Pro 3.2 by Esri.

of the local R-Squared are found in the northern part
of the Warmian-Masurian Voivodeship and the north-
eastern part of the Kuyavian-Pomeranian Voivode-
ship. In the case of this group, this phenomenon
is even more strongly outlined - the differences
in local R-Squared class values are greater in this
case than in the case of the Fig. 6b.

The spatial trends presented in Fig. 8 are remark-
ably similar to those observed in Fig. 7. The map
describing the variable “the number of SARS-CoV-2

cases” (Fig. 8a) shows a similar phenomenon of the
widespread occurrence of negative values of the local
R-Squared, and the cooccurrence of extreme values.
However, the large cluster of negative values in the
northeastern part of the country has disappeared.
As with the map for the unified Sustainable Develop-
ment index, the overall trend of the spatial distribution
of the phenomenon shows a significant separation
of the eastern and western parts of the country.

0 2550

100 150 200
km

3 Voivodeship boundaries
[ Country boundaries

Economical Index
Local R-Squared

W 263--1.12
) W -1.11--0.09
-0.08-0.00
0.01-0.70
0.71-0.80
o 081-087
Bl 083-094

Fig. 8. Local R-Squared - Economical Index for variables “the number of SARS-CoV-2 cases” (a) and “the number of deaths due

to SARS-CoV-2 infection” (b)
Source: own elaboration using ArcGIS Pro 3.2 by Esri.
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Residual spatial autocorrelation

To assess the performance of the regression
model, the presence of residual spatial autocorrelation
was analysed. The residual spatial autocorrelation
was measured using the Spatial Autocorrelation tool
(Global Moran’s I). The results of this analysis are
presented in Table 4 below.

Table 4. Spatial autocorrelation results for MGWR residuals

Z-Score

The number The number

of deaths due
of SARS-CoV-2 to SARS-CoV-2
cases . .
infection

Sustainable 0.5 0.62*
Development level

Social group -0.25% -0.03*

Environmental group -1.79%* -0.10*

Economical group 0.75* 1.50*

Note: * — random spatial pattern, ** — weak dispersed spatial
pattern
Source: own elaboration with ArcGIS Pro 3.2 by Esri.

The distribution of the residuals does not appear
to be significantly different from random when
considering the z-scores — out of the 8 regression
models, only one z-score value indicate a weak
dispersed pattern, confirming the validity of using
the MGWR model.

CONCLUSIONS

The main purpose of the article was to investigate
whether a relationship can be demonstrated between
the course of the COVID-19 pandemic, as described
by the number of cases and the number of deaths
caused by the pandemic, and the level of Sustainable
Development of an area. The study showed that such
a relationship exists, and the magnitudes of the
Adjusted R-Squared index indicate a high and very
high fit of the model to the dependent variables.
The variable “the number of SARS-CoV-2 cases” is
explained to a greater extent (Adjusted R-Squared
here is in the range of about 0.75-0.88) than the
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variable “the number of deaths due to SARS-CoV-2
infection” (Adjusted R-Squared here are in the range
of about 0.57-0.70). The highest value of Adjusted
R-Squared occurs for the unified level of Sustainable
Development explaining the variable “the number
of SARS-CoV-2 cases”, and reached almost 0.88. These
values confirm the very high relationship between
the level of Sustainable Development of the area and
the course of the COVID-19 pandemic.

Analyzing the Adjusted R-Squared values for
each thematic group comprising the unified level
of Sustainable Development, it can be found that all
of them explain the variables “the number of SARS-
CoV-2 cases” and “the number of deaths due to SARS-
CoV-2 infection” to a high degree. The lowest Adjusted
R-Squared value was obtained for the Environmental
group explaining “the number of deaths due to SARS-
CoV-2 infection” and it equaled 0.5708. The highest
Adjusted R-Squared value was 0.8259, and it was
recorded for the Economical group explaining “the
number of SARS-CoV-2 cases” Among all three
subject groups, higher Adjusted R-Squared values were
obtained for the variables explaining the dependent
variable “the number of SARS-CoV-2 cases”. This
may indicate that the variable “the number of deaths
due to SARS-CoV-2 infection” was influenced by
other factors (not related to the level of Sustainable
Development) that were not included in the regression
model.

While the article focuses on indicators related
to Sustainable Development, the obtained Adjusted
R-Squared values indicate that the two analyzed
dependent variables may have been influenced by
other factors not included in the regression models.
It can be speculated that these factors could have
included: climate factors (e.g., temperature), demo-
graphic factors (e.g., population density), factors
related to emergency management and policy (e.g.,
local government decisions to fight the pandemic),
and even factors related to the population’s approach
to the pandemic (e.g., pandemic denialism).

The development of local R-Squared maps enabled
the study of spatially varying relationships between
variables. In addition, further allowed to identify local
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anomalies of the phenomenon. Maps for the “Environ-
mental” and “Economical” thematic groups, describ-
ing the dependent variable “the number of SARS-
CoV-2 cases” display high concentrations of anomalies
on the outskirts of the Masovian Voivodeship, and in
the west of the country on the border of the Lubusz
and Lower Silesian Voivodeships. Maps describing
the variable “the number of deaths due to SARS-
CoV-2 infection” show fewer anomalies, confined to
single counties: the Bartoszyce county, the Lidzbark
Warminski county, the Ostréda county, the Ifawa
county (in the Warmian-Masurian Voivodeship), and
the Brodnica county (in the Kuyavian-Pomeranian
Voivodeship).

Areas with anomalies indicated in the local
R-Squared maps may require additional research
due to high deviations from the regression model.
This may be relevant and helpful to local authorities
and decision-makers, due to the abnormalities in the
results, and should pay special attention to these areas.
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