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Abstract

Background Given the nature of the spread of SARS-CoV-2, strong regional patterns in the fatal consequences of
the COVID-19 pandemic related to local characteristics such as population and health care infrastructures were to

be expected. In this paper we conduct a detailed examination of the spatial correlation of deaths in the first year of
the pandemic in two neighbouring countries — Germany and Poland, which, among high income countries, seem
particularly different in terms of the death toll associated with the COVID-19 pandemic. The analysis aims to yield evi-
dence that spatial patterns of mortality can provide important clues as to the reasons behind significant differences in
the consequences of the COVID-19 pandemic in these two countries.

Methods Based on official health and population statistics on the level of counties, we explore the spatial nature of
mortality in 2020 in the two countries — which, as we show, reflects important contextual differences. We investigate
three different measures of deaths: the officially recorded COVID-19 deaths, the total values of excessive deaths and
the difference between the two. We link them to important pre-pandemic regional characteristics such as population,
health care and economic conditions in multivariate spatial autoregressive models. From the point of view of pan-
demic related fatalities we stress the distinction between direct and indirect consequences of COVID-19, separating
the latter further into two types, the spatial nature of which is likely to differ.

Results The COVID-19 pandemic led to much more excess deaths in Poland than in Germany. Detailed spatial analy-
sis of deaths at the regional level shows a consistent pattern of deaths officially registered as related to COVID-19. For
excess deaths, however, we find strong spatial correlation in Germany but little such evidence in Poland.

Conclusions In contrast to Germany, for Poland we do not observe the expected spatial pattern of total excess
deaths and the excess deaths over and above the official COVID-19 deaths. This difference cannot be explained by
pre-pandemic regional factors such as economic and population structures or by healthcare infrastructure. The find-
ings point to the need for alternative explanations related to the Polish policy reaction to the pandemic and failures in
the areas of healthcare and public health, which resulted in a massive loss of life.
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Background

The COVID-19 pandemic took and still takes a huge
economic, health and social toll across societies world-
wide — with substantial variation over time and between
continents, countries and regions. The regional varia-
tion of different incidences, conditions, measures and
their outcomes is yet to be described, explored and ana-
lysed in order to learn lessons for the ongoing and future
pandemics.

In this paper, we provide a piece to the puzzle by
exploring the regional and spatial nature of deaths dur-
ing the first year of the COVID-19 pandemic in Ger-
many and Poland, two neighbouring countries which
with regard to excess deaths in 2020 were placed at the
opposing ends on a list of 29 high income countries [1].
Taking EUROSTAT death statistics in 2020, excess deaths
rate in Poland, with reference to the 2016-2019 average,
was 194 per 100,000 inhabitants, while the rate calcu-
lated for Germany was 62 [2, 3]. At the same time with a
population 2.2 times greater compared to Poland in Ger-
many the death toll directly linked to COVID-19 in 2020
amounted to 50,447 [4] — 1.7 times higher than the total
number for Poland of 28,479 [5]. These large differences
at the country level constitute the key motivation for the
comparison of the two countries. We focus on the vari-
ation in the spatial patterns of deaths and show that the
identified differences provide valuable insights regarding
the reasons behind the aggregate numbers of fatalities.

Additionally several important characteristics of the
two countries make the comparison particularly inter-
esting. The pre-pandemic conditions in Poland and
Germany with regard to the socio-demographic struc-
ture of the population as well as health-care and public
health were substantially different. Moreover, within each
country there was substantial regional heterogeneity in
these conditions which may have made the risks of death
due to SARS-CoV-2 much higher in some regions com-
pared to others throughout the pandemic [6]. This high
regional variation in risk factors, combined with mas-
sively different aggregate fatal consequences of the pan-
demic, constitutes a unique opportunity to explore the
regional dimension with the aim of developing insights
into reasons behind the dramatic differences in the over-
all number of deaths.

In the following, we explore the spatial nature of deaths
in each country — which, as we show, reflects important
contextual variation. We focus on the spatial patterns
of mortality and examine the relationship of excessive
deaths in the first year of the pandemic with pre-pan-
demic local characteristics on the level of Kreise in Ger-
many and powiaty in Poland (hereafter also referred to
as “counties”). We analyse three different measures of
deaths: the officially recorded COVID-19 deaths, the total
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values of excessive deaths and the difference between the
two, and link them to important regional characteristics
such as population, health care and economic conditions
in multivariate spatial autoregressive models.

The paper is structured as follows. We first provide
some background to the spatial nature of the COVID-
19 pandemic. This is followed by a description of the
methods applied and data used in the paper leading to
the analysis of the spatial distribution of COVID-19 and
excess deaths jointly with the spatial nature of potentially
important regional influences. Results showing the find-
ings based on multivariate spatial models are followed by
a discussion and conclusions.

The spatial aspect of COVID-19 pandemic risks: state

of research

As SARS-CoV-2 started spreading in the late 2019 and
early 2020, it became clear that individuals particularly at
risk of severe consequences of COVID-19 are older peo-
ple and those with long-term cardiovascular [7, 8] and
pulmonary conditions [9] as well as those with generally
weakened immune responses [10], in particular those
suffering from cancer [11]. The ability of the virus to
transmit through air via droplets and in aerosols makes
infections more probable in contexts in which many peo-
ple are gathered in small unventilated spaces. This applies
not only to public transport and the workplace [12],
but also to living contexts of overcrowded housing [13],
though linking many specific factors for the spread of
COVID-19, like intergenerational relationships and co-
residence, has proved to be a challenge [14].

The nature of contagious diseases which cause pandem-
ics is inseparable from the spatial context, and the spatial
dimension is crucial to understand the spread of infec-
tions, its consequences, and the effectiveness of meas-
ures which limit it [15-22]. Since the early start of the
COVID-19 pandemic spatial analyses have also been part
of the research on SARS-CoV-2. This included the regional
spread of the virus [21, 23-27], geographical accessibil-
ity to healthcare infrastructure [24, 28], effectiveness of
regional policies for non-pharmaceutical interventions
[29-31], as well as the importance of environmental and
socioeconomic factors and their role in the spread of
the virus [22, 30, 32—35]. According to findings from a
regional level analysis in five European countries, limiting
virus transmission around large transportation hubs was
especially important at the early stages of the pandemic
[25]. Analysis at the regional level on Dutch data showed
that while hospitalization and excess mortality were not
related during the first wave in 2020, excess mortality was
lower in regions that had continued a stricter strategy of
containment [36]. For Italy, greater availability of intensive
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care beds correlated with lower COVID-19 mortality dur-
ing the first wave in 2020 [16]. Another regional study on
Italy emphasized the remarkably uneven distribution of
excess deaths in the country, with 3 out of 107 provinces
accounting for over 30% of these deaths [37].

Several early findings on Poland and Germany have also
taken a regional focus. For example, in Poland in the early
months of the pandemic incidence and COVID-19 mortality
was highest in the (post-)industrial region of Silesia. This was
partly due to mass testing of miners at the time [38], which in
turn was a reaction to identified risks of contagion in mines.
The spread of COVID-19 in Silesia was reflected in the num-
ber of hospital admissions and deaths. Those more likely to die
were older men, and individuals with chronic cardiovascular
or respiratory diseases [39]. Moreover, Polish regions with
higher air pollution experienced higher incidence of COVID-
19 and related deaths [40]. In Germany 12 of 16 regions expe-
rienced increased mortality for some weeks during the first
wave of 2020, but not for the period between January and
June [41]. Life expectancy in 2020 decreased especially in the
eastern part of Germany among men over the age of 65 [42].
A higher number of reported COVID-19 cases and deaths
was positively related to the numbers of personnel in nurs-
ing homes and average age of population, while the share of
people aged 75 and older was negatively related to cases and
deaths during the first wave [43]. Age corrected excess mortal-
ity in relation to years 2016 to 2019 was low for 2020 in total,
but this was because mortality was below the expected during
summer months and increased in winter during the second
wave of the pandemic [44]. It was during the second wave that
more dense regions, those with lower average income, higher
employment rates and higher percentage of employed in the
production industry had higher incidences [45].

Taken together, apart from a “random” component of
the virus’s spread, population age structure and health-
care infrastructure linked to economic circumstances
are likely to play a decisive role in determining the fatal
consequences of the pandemic in a region. Up to now,
however, there is no analysis linking all these factors in a
detailed spatial analysis of mortality during the pandemic
for Germany and/or Poland.

Methods

The nature of COVID-19 and the high degree of regional
variation between and within the two countries along some
crucial dimensions make Germany and Poland an interesting
international case for comparison and analysis of the pan-
demic’s consequences. We focus on the 401 Kreise as regional
units in Germany and the 380 powiaty as units in Poland."
The analysis is conducted at the county level with a primary

! Administratively Kreise correspond to NUTS-3 level, while powiaty to
LAU-1 (formerly NUTS-4) level in the NUTS classification.
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focus on the pattern of regional spatial correlation of deaths
in the first year of the pandemic. We examine these patterns
separately for each country, and in each case for three out-
come variables: COVID-19 deaths, total excess deaths and
the difference between the two.

Uncovering the spatial nature of excess deaths in Germany
and Poland

The key objective of the estimations presented in this
paper is to identify the degree of spatial correlation in
the examined measures [46]. Spatial similarities among
regions are of course present along many dimensions,
but are particularly important in discussing such phe-
nomena as pollution or pandemics where the examined
outcomes spread across physical space affecting close-
by regions to a greater extent compared to more dis-
tant ones. Such spatial correlation results in clustering
among regions, with certain areas becoming ‘hot-’ or
‘cold-spots’ with higher or lower than average values of
certain characteristics. To test for spatial dependence
we first run simple OLS models and examine the spa-
tial correlation of the residuals. This is then followed
by estimations using spatial autoregressive models to
account for the spatial correlation of the residuals (spa-
tial error models) and of the dependent variables (spa-
tial lag models).

The pattern of spatial correlation is examined
using different spatial weight matrices (SWM) to test
spatial correlation among the first and second order
nearest neighbours, using fixed distance as well as
inverse-distance weight matrices based on the dis-
tance between the centroids of counties with a range
of truncation thresholds. For each of these matrices
we estimate the significance of global Moran’s I test
[47] with results reported in Table S1 in the Addi-
tional file 2. Given the nature of COVID-19 and
outcomes of the tested approaches, as our preferred
model we chose the specification with the row nor-
malized inverse distance weight matrix truncated at
the 70km threshold, the shortest threshold which
allows us to account for all counties in both coun-
tries. Overall, the significance levels of the Moran’s I
statistic for the spatial correlation of the three vari-
ables of interest (without controls) using the selected
matrix turn out to be very similar compared to those
estimated using other approaches (see Table S1 in
the Additional file 2).

Direct and indirect relationship of deaths to the COVID-19
pandemic

We examine three outcomes related to mortality in 2020:
the official number of COVID-19 deaths, the number of
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excess deaths, and the difference between the two. Both
in Germany and Poland for registration and reporting of
COVID-19 related mortality, the official approach has
been to apply a broad definition of COVID-19 deaths,
which included all cases with identified SARS-CoV-2
infection, regardless whether the person died from
COVID-19 or with it - for another main reason.” For the
purpose of this analysis, in both countries we aggregated
daily statistics of COVID-19 deaths in 2020 for each
county. Excess deaths are measured as the difference in
the number of total deaths in year 2020 and the average
number of deaths between 2015 and 2019 (this defini-
tion is similar to that used to calculate excess mortality
by the EUROSTAT; 2). The difference is calculated as a
simple subtraction of COVID-19 deaths from total excess
deaths. All three outcomes are measured at the county
level and are calculated per 1000 individuals of the
regional population in 2019 (for details of data sources
see the Data Statement section).

For the purpose of this paper, we define the relation-
ship of deaths to the COVID-19 pandemic in the fol-
lowing fashion. By ‘direct’ fatal consequences of the
pandemic we mean all deaths that were the immediate
consequences of being infected with SARS-CoV-2, i.e. all
those who were infected with the virus and died before
recovering from COVID-19. This group includes all those
who were officially identified in the COVID-19 statistics,
as well as those who died as a direct consequence of the
infection but were not registered (in our data the latter
group would be part of the ‘excess deaths’ category but
not of the ‘COVID-19 deaths’ category). An important
distinction that we make here concerns deaths which
have been indirectly caused by the COVID-19 pandemic.
In particular we distinguish indirect consequences of
‘type 1’ as those premature deaths which did not fol-
low an infection, but which occurred due to the spread
of COVID-19. This category covers, for example, deaths
resulting from lack of hospital beds because of the num-
ber of local COVID-19 patients, limitations in medical
procedures in heavily affected regions, or lack of medi-
cal personnel resulting from SARS-CoV-2 infections and
locally imposed quarantines. Indirect consequences of
‘type 2’ in turn are deaths which would not have occurred
had the pandemic not happened, but which do not nec-
essarily relate to the actual spread of the virus. These

2 According to the WHO guidelines published at a very early stage of the pan-
demic, COVID-19 death was registered in case of a confirmed diagnosis of
COVID-19 (positive test result) or clinical or epidemiological diagnosis of the
disease — suspected or probable [48]. These guidelines were followed in both
Germany [49] and Poland [50]. This approach to counting COVID-19 deaths
is most likely behind discrepancies with respect to the annual aggregated
numbers of COVID deaths as reported by the national statistical offices in the
death registers with the main cause of death division.
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additional deaths would include fatalities resulting, for
example, from externally or self-imposed restrictions
such as access to primary health care, reduced contact
with other people, diminished family support, mental
health problems due to isolation, etc. The distinction
between type 1 and type 2 indirect deaths is crucial from
the point of view the spatial dimension of the pandemic.
While type 1 indirect deaths could be expected to follow
the spatial distribution of the virus, such patterns would
not necessarily be observed for type 2 indirect deaths.

Results

Regional variation in deaths in 2020

The regional distribution of COVID-19 related and excess
deaths is presented in Fig. 1, with a common colour leg-
end across the three definitions to facilitate the compari-
son of the regional variation both within and between the
measures. Summary statistics are given also in Table 1.
As we can see from Fig. 1, deaths officially registered as
caused by COVID-19, excess mortality and differences
between those two are generally much higher in Poland
compared to Germany. On average (see Table 1) 0.63
persons per 1000 inhabitants died because of COVID-
19 in Germany, while 0.86 persons per 1000 died in the
average Polish powiat, although it is worth noting that
regional variation in COVID-19 deaths is higher in Ger-
many. Compared to COVID-19 deaths, excess mortality
per 1000 inhabitants was only slightly higher in German
regions (0.64), while it was much higher in Poland (2.19).
Accordingly, the average difference between total excess
deaths and COVID-19 deaths is close to 0 in Germany,
and is as high as 1.33 in Poland.

Looking at the spatial distribution of 2020 deaths, in
Poland regions with the highest number of deaths offi-
cially registered as caused by COVID-19 are concen-
trated in several voivodeships, for example the central
16dzkie and south-eastern lubelskie voivodeships (for
location of specific counties see Fig. S1 in the Addi-
tional file 1). In Germany, COVID-19 deaths seem to be
concentrated heavily in the east and the south, foremost
in Sachsen and Bayern. The difference in average exces-
sive deaths, reported in Table 1, is reflected in a strik-
ing spatial pattern in Fig. 1b. Importantly, high excessive
deaths in Poland can be noted also in regions where the
number of COVID-19 deaths were lower. This charac-
teristic is reflected in the spatial distribution of the dif-
ference between total excessive deaths and COVID-19
deaths in Fig. 1c. Excess mortality was predominantly
high in German regions with a high number of COVID-
19 deaths, but also regions close by show higher numbers
of excess mortality and thus higher differences between
excessive deaths and COVID-19 deaths. This is mostly
the case in regions with high COVID-19 deaths or close
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Fig. 1 Regional variation of death incidence in 2020: Germany and Poland. a COVID-19 deaths per 1000 population. b Excess mortality per 1000
population. ¢ Difference in excess and COVID-19 deaths per 1000 population. Source: own compilation based on (i) Germany: geodata: Federal
Agency for Cartography and Geodesy (BKG); statistics: Robert Koch Institute (RKI), Federal and state statistical offices; (i) Poland: geodata: National
Register of Boundaries (PRG); statistics: regional and local Sanitary Inspectorates, Ministry of Health, Local Data Bank (BDL). Notes: The panels share
a common legend based on the quintile distribution of COVID deaths, with two additional categories added at the top and bottom of the scale.
County borders in white, regional borders in yellow, country border in grey. For names of specific regions (Lédnder and voivodeships) see Fig. S1in

the Additional file 1

to them (including Bayern and Sachsen, but also further
north in Brandenburg).

A natural hypothesis with regard to the spatial nature
of excess deaths in the first year of the pandemic is that
the pattern of these deaths should reflect the nature
of contagion. This should certainly apply to the deaths
which were ‘direct’ consequences of the pandemic
(whether officially recorded as COVID-19 deaths or not).
However, the observed regional pattern of deaths, which
were type 1 indirect consequences of COVID-19, should
also reflect the spread of the virus: healthcare limita-
tions, hospital beds shortages, etc., can be expected to
be felt more strongly in regions with higher incidence
of COVID-19. This suggests that if the spread of SARS-
CoV-2 was responsible for higher than expected number
of deaths, we should observe significant spatial patterns
for the officially documented COVID-19 deaths and for
the excess deaths not recorded in the official COVID-19

statistics, and hence, in consequence, also for the total
number of excess deaths.

Such hot- and cold-spots are visible in the spatial pat-
tern of deaths in 2020 (Fig. 1). In the latter case, cluster-
ing of counties with high numbers of COVID-19 deaths
(Fig. 1a) is very distinct in the south-eastern part of Ger-
many (Sachsen) and in central and eastern Poland (espe-
cially t6dzkie and lubelskie voivodeships). Spatial clusters
are also evident for excess mortality in Germany (espe-
cially in Sachsen and Brandenburg), while they are less
obvious in Poland both for excess deaths and the differ-
ence between excess and COVID-19 deaths.

Figure 2 is derived from local indices of spatial auto-
correlation (calculated for each county). If the value of
a local index for a given sub-area is higher (lower) com-
pared to the value of the overall global index of spatial
autocorrelation, then spatial autocorrelation is positive
(negative). Spatial autocorrelation, here indicated by the
slope of the regression line in the Moran scatterplots,
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Table 1 Pre-pandemic regional socio-economic indicators in 2019 and mortality indicators in 2020 on county level: Germany and

Poland

Germany (Kreise level)

Poland (powiat level)

Mean SD Min. Max. Mean SD Min. Max.
Pre-pandemic regional indicators in 2019:
Population structure by age group:
- aged 50-69 (%) 29.79 291 2143 37.18 26.14 1.61 20.99 30.07
- aged 70-84 (%) 1344 1.76 9.29 20.03 9.29 1.32 5.95 14.86
- aged 85+ (%) 297 042 191 4.25 2.02 0.45 0.89 458
Population density (person/sgkm) 537.02 709.71 3561 4777.04 368.84 655.15 19.02 3812.08
Number of hospital beds (per 1000 population)* 6.35 3.89 0 29.59 4.25 2.85 0 16.38
Employed in agriculture (%) 1.92 1.63 0 846 28.26 19.71 0.34 7772
Mortality indicators in 2020:
COVID-19 deaths per 1000 population 0.63 039 0.05 2.96 0.86 0.31 0.23 253
Excess mortality per 1000 population 0.64 0.58 —0.84 3.05 2.19 0.59 031 4.25
Difference in excess and COVID-19 deaths per 1000 0.00 044 —134 1.24 133 0.59 —1.26 311
population
Number of counties 401 380

Source: see Figs. 1 and 2

Notes: * statistics from year 2016. Values presented in the table are arithmetic means (and their standard deviations) of local data. For some variables, such as
population density, the harmonic mean is a more appropriate representation of the average — harmonic mean of population density for Germany is 172.54, while for

Poland it is 84.53

is much higher in Germany than in Poland for all three
death measures. In Poland, the slope of the regression
line fitted into these scatterplots is statistically significant
only for the COVID-19 deaths, and is essentially flat for
total excess deaths and for the difference between total
and COVID-19 deaths. Thus, while the pattern of spatial
correlation in Germany for all three examined measures
corresponds to the expected nature of deaths caused by
the spread of SARS-CoV-2, this cannot be said about the
pattern observed in Poland. Surprisingly, even though the
regional numbers of total excess deaths in Poland are far
higher, they do not reflect the expected spatial pattern.
This suggests that a sufficiently high proportion of those
deaths were not related to the spread of COVID-19, but
rather represent indirect consequences of type 2 (accord-
ing to the definition described in Section 2.2), which
results in ‘blurring’ of the spatial pattern of deaths.

Pre-pandemic regional variation in population

and infrastructures

As shown in earlier research indicated above, counties
in Germany and Poland differ significantly along a num-
ber of dimensions, which might be relevant for both the
spread of the pandemic and the risk of death resulting
from COVID-19. In both countries there are substantial
regional differences in population density and age struc-
ture, the pattern of economic activity and variation in
healthcare facilities, which may contribute to the differ-
ent spatial patterns shown above.

Figure 3 shows spatial distributions of such socio-
demographic indicators in years prior to the COVID-
19 pandemic. Each of the maps in Fig. 3 combines the
counties of Germany and Poland and the colour shading
in each case reflects a common legend for both coun-
tries. The legend classes on each map have been set to
reflect equal proportions of regions within each class.
This approach makes both the between- and the within-
country variations distinguishable, but naturally requires
caution in interpreting the differences in values.®> As we
can see in Fig. 3a, b and ¢, the age structure varies signifi-
cantly between the two countries as well as within them.
For each of the considered older age groups (respectively:
50-69, 70-84, 85+) the shares are clearly substantially
higher in Germany compared to Poland. This reflects the
differences in average values between the countries pre-
sented in Table 1. For example, the average proportion of
the 50-69 group in Poland is 26.1% and in Germany it is
29.8%, while if we take the ‘oldest old; those aged 85+,
the average proportions are 2.0 and 3.0%, respectively.
Overall, slightly higher shares of older people live in east-
ern Poland, and there are very clear differences between
the German Kreise that formerly belonged to the Ger-
man Democratic Republic (GDR) and the western part

3 The alternative approach in which we set the classes in such a way that
divides the legend into equal classes based on the variable values from the
minimum to the maximum makes most of the map illustrations largely unin-
formative.
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Fig. 2 Local indices of spatial autocorrelation: Moran scatter plots of death measures. Source: own calculations based on county level data as

described in Source notes for Figs. 1 and 3

of Germany. The urban counties can be clearly distin-
guished in Fig. 3d, which shows the spatial distribution
of population density (number of persons per square
kilometre). One can note higher density levels in pow-
iaty surroundings large cities in central and southern
Poland, whereas in Germany population density is espe-
cially high in urbanized western and southwestern parts
of the country. The proportion of people employed in

agriculture (Fig. 3e) is significantly higher in Poland. The
average proportion of workers employed in agriculture
in Poland is 28.3%, while it is as low as 1.9% in Germany
(Table 1). Employment in agriculture is more heavily con-
centrated in eastern Poland, while in Germany the share
of agriculture employment is spread relatively evenly
with slightly higher proportion in northern and southeast
regions. In Fig. 3f we show the distribution of general
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Fig. 3 Pre-pandemic regional variation of socio-economic indicators in 2019: Germany and Poland. a Proportion of population aged 50-69. b
Proportion of population aged 70-84. ¢ Proportion of population aged 85+. d Population density (person/sgkm). e Proportion of employed

in agriculture. f Number of hospital beds per 1000 population*. Source: own compilation based on (i) Germany: geodata: Federal Agency for
Cartography and Geodesy (BKG); statistics: Federal and state statistical offices; (i) Poland: geodata: National Register of Boundaries (PRG); statistics:
Central Statistical Office (GUS). Note: * - statistics from year 2016. Two top and bottom categories in the legend cover 10% of observations each, the
rest of categories cover 20% of observations each. County borders in white, regional borders in yellow, country border in grey. For names of specific

regions (Ldnder and voivodeships) see Fig. S1in the Additional file 1

healthcare infrastructure measured with the number of
hospital beds per 1000 inhabitants. Naturally, the distri-
bution reflects the urban/rural divide, with higher con-
centration of infrastructure in cities and counties with

higher population density. The spatial pattern however,
reflects another general difference between Poland and
Germany, namely significantly better healthcare infra-
structure, with the average numbers of hospital beds
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equal to 4.3 and 6.4 respectively (Table 1), a difference of
nearly 50%. The scale of this discrepancy, while astound-
ing, seems to be a good reflection of the differences in the
overall quality of healthcare between the two countries.
For example, while Germany is ranked 12th in the Euro
Health Consumer Index [51], Poland comes as a distant
32nd country among the 35 for which this multidimen-
sional healthcare quality index is computed.*

Linking regional factors and the spatial dimension
of deaths
In this section we examine results of multivariate spatial
models to relate the adopted definitions of deaths with
pre-pandemic regional factors, the socio-economic con-
ditions introduced above. Results of the OLS and SAR
estimations including diagnostic tests for spatial correla-
tion using our preferred SWM are presented in Tables 2
(for Germany) and 3 (for Poland). The key results con-
cerning spatial correlation are the following. As we can
see in Table 2, in Germany all three outcomes show the
expected statistically significant spatial pattern of corre-
lation of the dependent variable. Additionally, the same
is true for the spatial distribution of the residual. In the
Polish case, the analysis also confirms statistically signifi-
cant spatial correlation in the case of COVID-19 deaths
(Table 3). However, for total excess deaths and for the
difference between total excess and COVID-19 deaths,
there is no significant spatial lag dependence. Similarly,
in both cases the Lagrange Multiplier (LM) test suggests
that there is no evidence for spatial correlation of the
residuals, which is reflected also in Moran’s I statistics.
Apart from the spatial nature of the three measures
of deaths, our results presented in Tables 2 and 3 reflect
also the correlations of the regional death statistics
in 2020 with pre-pandemic levels of a number of local
characteristics. The estimated coefficients in this case
need to be treated with caution since the included indi-
cators may correlate with regional characteristics, which
due to lack of regional information cannot be controlled
for. This in turn may bias the estimated coefficients on
the variables included in the regressions. Having said
that some of the estimated regularities seem intuitive.
For example, COVID-19 deaths in Germany correlate
significantly with the proportion of individuals in the
oldest age group (85+), and overall excess deaths as
well as the difference between excess and COVID-19
deaths are negatively related to the number of hospital
beds per 1000 of population. Moreover, the difference
between excess and COVID-19 deaths in Germany, i.e.

4 The European Health Consumer Index accounts for several aspects of
healthcare quality such as survival rates, prevention efforts, range of services,
accessibility of treatment or patient rights. For details see: [51].
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the additional deaths over and above those officially
recorded as COVID-19 deaths, are negatively corre-
lated with population density and positively correlated
with proportion of the population employed in agricul-
ture. A possible interpretation of this finding could point
towards increased levels of excess deaths in rural regions
with lower levels of education. In Poland, such relation-
ships are found for COVID-19 deaths, which seem to be
higher in less densely populated regions with high lev-
els of agricultural employment. The age group at high-
est risk of COVID-19 death in Poland seems to be those
aged 70-84, and, surprisingly at first sight, COVID-19
deaths are higher in regions with more extensive hospi-
tal infrastructure. Possible explanations behind the lat-
ter could be factors related to healthcare infrastructure
such as more extensive testing and lower likelihood of
home (and thus untested) deaths. Importantly, we find
few regularities in the regional pattern of excess deaths,
while for the excess deaths over and above deaths due to
COVID-19 we only find that these were lower in regions
with higher agricultural employment.

As we can see in Tables 2 and 3 the spatial pattern of
estimates in the spatial error and spatial lag models
reflect the conclusions derived from the formal testing of
spatial dependence discussed above. We find statistically
significant coefficients on the respective spatial pattern
in COVID-19 deaths in both Poland and Germany, while
for overall excess deaths and for the differences between
excess and COVID-19 deaths the spatial pattern is only
identified in Germany. This confirms the key finding of
the paper that excess deaths over and above the official
COVID-19 deaths in Poland do not reflect the pattern of
spatial dependence, which could be expected in a pan-
demic if its fatal consequences were direct consequences
of infections or were indirect consequences of type 1,
as per our definitions. The results suggest therefore that
excessive deaths in Poland in 2020, over and above those
officially registered as resulting from SARS-CoV-2 infec-
tions, have been dominated by indirect consequences of
type 2. This may point towards important healthcare pol-
icy failures or policy neglect in the first year of the pan-
demic in Poland.

Discussion

Using multivariate spatial autoregressive models we
examine three measures of mortality in the first year of
the COVID-19 pandemic in Germany and Poland: the
officially recorded COVID-19 deaths, the total values
of excessive deaths and the difference between the two.
To explore the degree of regional variation between and
within countries with respect to these outcomes, we link
them to important regional characteristics such as popu-
lation, health care and economic conditions.
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In Germany all of the mortality measures show very
strong spatial correlation, a feature of the data we would
expect to observe in a pandemic. One could therefore
argue that excess deaths in Germany — those identified as
related to COVID-19 and those not identified as such —
were directly linked to the spread of SARS-CoV-2 or were
indirect consequences of type 1, as per our definitions. In
Poland we also confirm spatial correlation of COVID-19
deaths. However, total excess deaths and the difference
between excess deaths and COVID-19 deaths show no
such pattern. Thus the deaths over and above the official
COVID-19 deaths do not reflect the features we would
expect to see for pandemic-related deaths, suggesting a
significant proportion of deaths which were COVID-19’s
indirect consequences of type 2.

The observed spatial regularities in Germany are con-
sistent with the estimated coefficients on pre-pandemic
regional characteristics. In particular, total excess deaths
in Germany are negatively related to healthcare infra-
structure, which supports the indirect influence of
COVID-19 and its implications for the ability to treat
other patients. We find little support for the expected
role of county-level population density and for the indus-
try structure of local employment. Both might be due to
differentiated level of education and the related response
in counties with lower density and an agricultural profile
of the local economy. Moreover, the results may point
towards the importance of more specific workplace char-
acteristics rather than a simple sectoral division.

Our findings for Poland, where we do not observe the
expected spatial pattern of total excess deaths and the
excess deaths over and above the official COVID-19
deaths, could not be explained by the regional (pre-)con-
ditions and require alternative explanations. This points
to a high proportion of deaths resulting from indirect
consequences of type 2, which in turn may relate to a
number of policy deficits as well as individual reactions to
the pandemic in Poland. First of all, during the pandemic
individuals in Poland may have withdrawn from various
healthcare interventions, principally as a result of fear of
infection. Secondly, those with serious health conditions
unrelated to the pandemic may have received insufficient
care during the COVID-19 crisis in Poland, and, in con-
sequence, died prematurely. This may have been a result
of lower effectiveness of online medical consultations,
excessive limitations to hospital admissions unjustified
from the point of view of the spread of the virus, and/
or worsened access to healthcare services resulting from
lockdowns and mobility limitations. These deaths could
also have resulted from reduced direct contact with other
people (including family and friends as well as care per-
sonnel, etc.) and mental health deterioration as a conse-
quence of (self)isolation. Our analysis does not allow us
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to differentiate between these hypotheses, but the aggre-
gate excess deaths data suggest that the combination of
these reasons came at a massive cost in terms of loss of
lives. These excessive deaths still count as consequences
of the COVID-19 pandemic in the sense that they would
not have happened without it - we classify them as indi-
rect consequences of type 2. They reflect a very particular
type of failure in the areas of healthcare and public health
in Poland. Given the heavy death toll as a consequence
of this failure, specific reasons behind it deserve detailed
examination.

Our analysis is mostly explorative in nature and not
without limitations. The relationship between mortality
and regional covariates described in the paper should
be interpreted with caution, as the pre-pandemic
regional indicators employed in the analysis might
correlate with other unobserved regional characteris-
tics, which may in turn bias the estimated coefficients.
Moreover, the adopted approach to calculating excess
deaths, while commonly used by established statisti-
cal institutions like the EUROSTAT [2] or in research
studies [52-54], is in no way the only method. Alter-
native definitions often rely on models accounting for
the population age composition and other potential
determinants [1, 55-58]. However, as argued by Levitt
and co-authors [59] and confirmed by others [1, 60],
all such models require specific assumptions, which in
turn translate into the nature of the predicted values —
including their spatial dependence. From the point of
view of the focus of this paper, the simple historical
average thus, has the additional advantage that it is free
from an a-priori assumption in this dimension. On top
of that, it needs to be noted that local response to the
pandemic also differed systematically between the two
countries, and within them over space and time, since
in Germany most public health and economic poli-
cies in the follow up of the outbreak of the pandemic
remained in the hands of regional governments at the
level of the Ldnder. Poland and Germany have fol-
lowed different policies on the intensity of COVID-19
testing, test-and-trace policies, timing and intensity of
social lockdowns, mask and distancing requirements,
etc. [61, 62].° The countries (and Lénder) have also
imposed different restrictions on access to medical staff
and hospitals, and applied different policies concern-
ing allocation of hospital beds for COVID-19 patients.
Even if those developments could not be accounted
for in our exploratory analysis, we present a first

5> As COVID-19 vaccines became available in the early 2021 their roll-out and
vaccination rates have also been different. Given their timing, however, these
developments do not affect the results in this paper.
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descriptive assessment and a new — spatial — angle to
shed light on the (vast) regional variation in the conse-
quences of the pandemic. The documented differences
in spatial patterns of deaths provide strong motivation
for further in-depth research aimed in particular at
identification of causes behind the findings for Poland.
We have shown here that country differences in the
consequences of the ongoing pandemic can serve as a
platform to set and test hypotheses about effectiveness
of policy responses to future global health crises.

Conclusions

Given the nature of the spread of SARS-CoV-2, strong
regional patterns in the consequences of the COVID-
19 pandemic were to be expected. These patterns could
be mediated or strengthened by the regional variation of
characteristics correlated with the likelihood of the spread
of the virus and with the fatal consequences of infections.
In this paper we conduct a detailed examination of the spa-
tial patterns of mortality in the first year of the pandemic
in Germany and Poland, which, among high income coun-
tries differ substantially in terms of the factors examined.
The analysis shows that spatial patterns of deaths can pro-
vide important clues as to the reasons behind dramatic dif-
ferences in the consequences of the COVID-19 pandemic
across countries. These patterns in Germany, Poland and
other countries ought to be further explored to inform
design of public policy in response to global health crises.
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