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Preface to “COVID-19 and Environment: Impacts of a
Global Pandemic”

COVID-19 outbreak was first reported in China in 2019 and spread worldwide in early 2020.
With the spread of COVID-19 and the corresponding negative impact on different life aspects, it
has become important to understand the ways to deal with the pandemic as a part of daily life.
Numerous studies on COVID-19 have investigated meteorological factors, clinical features, and
public health interventions that affect infection and morbidity. However, the problems still exists
and more investigation is required. Challenges are the limitation of accurate/complete data, the
effect of restrictions, and variabilities of medical service quality in different countries. In addition,
circumstances are dynamically changing due to policies, vaccines, and the advent of new variants all
over the world. The investigation of correlation between COVID-19 and environmental factors based
on long-term analysis and data curation would lead to better sustainable management of healthcare
resources and government policies.

This Special Issue aims to collect articles of high academic standards investigating the links
between the COVID-19 pandemic and environmental factors. We have received several manuscripts,

from which 17 papers have passed the peer-review process and are presented here as a reprint.

Sachiko Kodera and Essam Rashed
Editors
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Abstract: Air pollution may change people’s gym sports behavior. To test this claim, first, we used
big data crawler technology and ordinary least square (OLS) models to investigate the effect of
air pollution on people’ gym visits in Beijing, China, especially under the COVID-19 pandemic of
2019-2020, and the results showed that a one-standard-deviation increase in PM2.5 concentration
(fine particulate matter with diameters equal to or smaller than 2.5 um) derived from the land use
regression model (LUR) was positively associated with a 0.119 and a 0.171 standard-deviation increase
in gym visits without or with consideration of the COVID-19 variable, respectively. Second, using
spatial autocorrelation analysis and a series of spatial econometric models, we provided consistent
evidence that the gym industry of Beijing had a strong spatial dependence, and PM2.5 and its spatial
spillover effect had a positive impact on the demand for gym sports. Such a phenomenon offers us a
new perspective that gym sports can be developed into an essential activity for the public due to this
avoidance behavior regarding COVID-19 virus contact and pollution exposure.

Keywords: air pollution; PM2.5 concentration; gym sports; spatial econometric model; COVID-19

1. Introduction

Many Chinese megacities are extremely polluted, and the problem of serious haze has
aroused widespread concern among the public [1,2]. Air pollution not only significantly
causes great harm to public health [3,4], it also affects people’s daily life [5,6]. Air pollution
may inhibit outdoor physical activity, as people have engaged in avoidance behavior [7,8].
Some studies have demonstrated that air pollution has negative effects on the frequency of
travel to indoor amenities such as restaurants, shopping areas and movie theatres [9,10]
and outdoor venues such as public parks [11].

Notably, research related to indoor air pollution concentration in gyms is dominated
by evidence from some developed countries, which generally show that people may inhale
more pollutants while exercising in indoor gyms [12-14]. In cities of the developing world,
however, the role of gym sports is under-researched. The existing literature, mainly focusing
on the impact of air pollution on the frequency of gym physical activity, remains rare.

To further investigate how gym sports can be affected by air pollution and actual
external environmental factors, this study focuses on the effect of air pollution under the
COVID-19 pandemic. As is known, the COVID-19 pandemic is currently one of the greatest
challenges to human life and health and economic development [15]. Beginning in 2020,
starting in China, the coronavirus rapidly spread around the world due to globalization,
which caused great harm to travel behavior [16]. The strictest social travel restrictions
imposed by the Chinese government in response to the first outbreak of the pandemic
included restricting all outdoor activities and closing all recreational facilities, including
public indoor sports places [17,18]. Although lockdown restrictions started to lift in many
cities around the world, regular pandemic prevention and control measures have remained
unchanged in China, such as transport suspension [19] and 14 days of quarantine when
traveling [20,21], referring to the post-pandemic era.
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Recently, a significant number of studies have shown that the pandemic has reduced
the frequency of people traveling to both outdoor physical activities [22,23] and indoor
gym sports [24]. In addition, some scholars have found changes in air quality because of
the travel restrictions during the COVID-19 pandemic [25,26]. Gym exercise behavior is
affected by air pollution, and was especially affected during the COVID-19 pandemic [27].
Nevertheless, there is still a lack of studies that have analyzed the impact of air pollution
on gym sports behavior under the impact of the pandemic in spatiotemporal dimensions.

The purpose of this study is to fill the gap aforementioned by examining this case in
Beijing, China. Beijing, as the capital of China, with its vast territory, dense population and
complex terrain, makes air pollution a serious threat [28]. Beijing was the second-largest
city in China with gym exercisers in 2020, after Shanghai [29]. In this paper, we used
big data crawling techniques and panel regression models to examine the effect of PM2.5
concentration conducted by land use regression (LUR) models [30,31] on gym visits during
COVID-19 from 1 January 2019 to 31 December 2020. We divided 2019-2020 into five
COVID-19 periods due to air pollution prevention levels published by the Chinese govern-
ment, including the Pre-COVID period (the period before the pandemic, spanning from
1 January 2019 to 24 January 2020), COVID-Lock period (the period during the outbreak
of the pandemic and the blockade of non-essential travel, spanning from 25 January to
25 February 2020), COVID-Recover-I period (the period during pandemic prevention and
control downgrade, spanning from 26 January to 10 June 2020), Xinfadi-COVID period (the
period of another outbreak of the pandemic in Xinfadi, spanning from 11 June to 6 August
2020) and COVID-Recover-1I period (the period when the pandemic outbreak alert was
lifted, spanning from 7 August to 31 December 2020), abbreviated as P1-P5 (Figure 1) [32].
Gym comments crawled from the platform “Meituan.com” were used to describe Beijing’s
gym visits in P1-P5 of the COVID-19 pandemic.

Pre-COVID > COVID-Recover-1 ) COVID-Recover-11 )

2020/1/25-2020/2/25 2020/6/11-2020/8/6

i
—0 Q O >

1 1
2019/1/1-2020/1/24 : 2020/2/26-2020/6/10 : 2020/8/7-2020/12/31
1 1

Xinfadi-COVID )

Figure 1. Timeline of five periods of the COVID-19 pandemic of Beijing, China.

Or----

COVID-Lock (2020
Spring Festival)

In this study, we aimed to not only access the effect of air pollution on people’s gym
visits under five different COVID-19 periods, but also to evaluate the spatial spillover effect
of air pollution on the entire development of the gym industry from the perspective of a
space—time analysis. Therefore, this study was designed to examine two research questions:
(1) How does air pollution affect people’s demand for gym sports under COVID-19? (2) Is
there a spatial spillover effect on the impact of air pollution on gym sports?

Our findings from the space-time analysis about the impact of air pollution on gym
sports have contributed to the literature on air pollution and avoidance behavior. At the
same time, it is necessary to pay attention to the impact of COVID-19 on people’s behavior
regarding gym sports, which has been well documented as a new behavioral moderator
regarding avoiding outdoor exposure of the virus when exercising.

2. Materials and Methods
2.1. Gym Data

This study aimed to test daily gym activity changes in Beijing that were associated
with air pollution and climate conditions under the COVID-19 period. The study area
and spatial distribution of 2452 gyms are shown in Figure 2. Because a lack of direct
evidence on consumer mobility limited our ability to characterize local gym consumption
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conditions, to a certain degree, we used online consumption recorded data, which was
used to represent the actual number of gym visits according to previous studies [9,33].
Therefore, we used big data crawler technology and crawled the data from the Chinese
leading local lifestyle information and trading platform “Meituan.com” to describe Beijing
residents’” gym activities. The information of each gym in Beijing included its precise
location information and its attributes data, including users’ reviews, ratings and their per
capita consumption from 1 January 2019 to 31 December 2020.

N

Tianjin

Legend

+ Air Pollution
Monitoring Stations

* Selected Gyms

B Districts of Beijing

0 510 20 30 40
O e w Miles

Figure 2. Study area. The spatial distribution of 2452 gyms of 16 administrative districts are indicated
in Beijing, China.

Finally, our analysis data included 2452 gyms with 144,904 comments. The comments
data were merged according to the timeline of five different COVID-19 periods to describe
Beijing’s gym visits during COVID-19. This study implicitly assumed that the probability
of writing a review was not relevant to the air pollution level by using the count of reviews
as a proxy for the count of gym visits.

2.2. PM2.5 Concentration Data

Hourly PM2.5 data in Beijing from 1 January 2019 to 31 December 2020 were obtained
from the Beijing Municipal Environmental Monitoring Center [34]. Since 2013, there have
been 35 environmental monitoring stations (EMSs) in Beijing (Figure 2). The botanical
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garden EMS was eliminated from the twelve urban EMSs in this study, and 34 EMSs were
used to obtain hourly PM2.5 concentration in this study based on the Ambient Air Quality
Standards (GB 3095-2012) [35]. We averaged the PM2.5 data based on the five different
periods of the COVID-19 pandemic for the subsequent air pollution modeling.

2.3. Land Use Regression (LUR) Model

We used the LUR model to replace traditional spatial interpolation methods to obtain
average PM2.5 concentrations of P1-P5 more accurately [30,31]. In our study, we divided
the process into two steps as follows, including preparing predictor variables and building
the LUR model.

2.3.1. Predictor Variables

We used average PM2.5 concentrations of P1-P5 and independent variables to build
LUR models, including land use, digital elevation model (DEM), meteorological variables,
road length, population density, remote sensing PM2.5 data, normalized difference vegeta-
tion index (NDVI), aerosol optical depth (AOD) and points of interest (POI). These nine
driving factors were selected on the basis of their significant impact on PM2.5 concentra-
tions [36,37]. Overall, this study considered a total of 29 subcategories, which included
103 independent variables within the nine major independent variable categories.

As shown in Table 1, land use data, traffic information and POI data, the three major
vector predictor variables, are included in the LUR model. Land use data were derived
from Esri 2020 Land Cover with a spatial resolution of 10 m (https:/ /livingatlas.arcgis.com/
landcover/, accessed on 5 May 2021). Land use type was divided into cropland, woodland,
grassland, water bodies, construction land, and unused land. The specific indicator of the
land factor was the ratio of land area to buffer area (area of circular buffer).

Table 1. Description of the vector predictor variables in the LUR models of P1-P5.

No. Predictor Variables Abbreviations Unit Buffer Size
Land use

1 Cultivated land Cul_xx m? 100, 300, 500, 1000, 3000, 5000

2 Forest For_xx m? 100, 300, 500, 1000, 3000, 5000

3 Grass land Gra_xx m? 100, 300, 500, 1000, 3000, 5000

4 Waterbody Wat_xx m? 100, 300, 500, 1000, 3000, 5000

5 Built-up area Bui_xx m?2 100, 300, 500, 1000, 3000, 5000

6 Unused land Unu_xx m? 100, 300, 500, 1000, 3000, 5000

Traffic information

7 Trunk road length Tru_xx m 100, 300, 500, 1000, 3000, 5000

8 Primary road length Pri_xx m 100, 300, 500, 1000, 3000, 5000

9 Secondary road length Sec_xx m 100, 300, 500, 1000, 3000, 5000

10 Railroad length Rai_xx m 100, 300, 500, 1000, 3000, 5000

POI information

11 Bus station number POI1_xx - 100, 300, 500, 1000, 3000, 5000, 7000
12 Gas station number POI2_xx - 100, 300, 500, 1000, 3000, 5000, 7000
13 Polluted enterprise number POI3_xx - 100, 300, 500, 1000, 3000, 5000, 7000
14 Chinese restaurant number POI4_xx - 100, 300, 500, 1000, 3000, 5000, 7000
15 Distance to the nearest bus station D_bus m NA

16 Distance to the nearest gas station D_gas m NA

17 Distance to the nearest polluted enterprise D_pol m NA

18 Distance to the nearest Chinese restaurant D_res m NA

Road data were obtained from OpenStreetMap (https://www.openstreetmap.org,
accessed on 5 May 2021). The specific road factor indicator was the ratio of road length to
buffer area.

Points of interest (POI) data were derived from Amap, by applying API based on cate-
gory and keyword semantics (http:/ /Ibs.amap.com/api/webservice/guide/api/search/,
accessed on 25 May 2021). Different POI categories in different buffer sizes represent differ-
ent emission information with regard to PM2.5. In this study, we used four types of POI as
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pollutant emission sources, including bus stations, gas stations, polluted enterprises and
Chinese restaurants. To reflect the impact of local emission sources and possible regional
transmission, the buffer sizes for POl in this study were set from 100 to 7000 m [38].

As shown in Table 2, population data, geographical information, vegetation index,
remote sensing data, meteorological data and aerosol optical depth data, the six major
raster predictor variables, are included in the LUR model.

Table 2. Description of the raster predictor variables in the LUR models of P1-P5.

No. Predictor Variables Abbreviations Unit Original Spatial Resolution
Population
1 Population density Pop people/m? 1km
Geographic information
Elevation DEM m 30m
Vegetation index

3 NDVI NDVI - 1km

Remote sensing data
4 CHAP_PM2.5 CHAP ug/m?3 1km

Meteorological data
5 Boundary layer height BLH m 0.125°
6 2 m temperature M K 0.125°
7 Total precipitation TP mm 0.125°
8 Surface pressure SP 10° Pa 0.125°
9 10 m u-component of wind Ul0m m/s 0.125°
10 10 m v-component of wind V10m m/s 0.125°

Aerosol optical depth
11 Optical_Depth_047 AOD_047 - 1km

The population density data used in this study were based on Gridded Population
of the World (GPW) from the Columbia University Socioeconomic Data and Application
Center (CU2020) as raster data, with a resolution of 1 x 1 km [39].

Elevation data were obtained from the Advanced Spaceborne Thermal Emission and
Reflection Radiometer Global Digital Elevation Model, version2 (ASTER GDEM v2) on the
USGS Earth Explorer site, with a spatial resolution of 30 m (https://yceo.yale.edu/aster-
gdem-global-elevation-data, accessed on 8 May 2021).

Normalized difference vegetation index (NDVI) data were provided by the MOD13A2
Version 6 product distributed by NASA EOSDIS Land Processes DAAC, which was a
MODIS/Terra Vegetation Indices 16-Day L3 Global 1 km SIN Grid with a spatial resolution
of 1 km (https://lpdaac.usgs.gov/products/mod13a2v006/, accessed on 12 May 2021).
Data were calculated into mean data for the corresponding period of P1-P5 [40].

Remote sensing PM2.5 data were provided by the MODIS/ Terra + Aqua Level 3 (L3) Yearly
0.01 degree gridded ground-level PM2.5 products in Eastern China (ECHAP_PM2.5_Y1K) from
2019 to 2020 (https:/ /zenodo.org/record /4660858#.Y U2JKux0IdU, accessed on 14 May
2021) [41,42].

Meteorological data were extracted from the ERA-Interim reanalysis dataset of Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF), with a spatial resolution
of 0.125° x 0.125°. The data downloaded were daily means of 2-meter temperature data,
U wind speed data, V wind speed data, boundary layer height data, surface pressure data
and total precipitation data, which needed to be summed into mean data of P1-P5 by
Python, prepared for later modeling [43].

Aerosol Optical Depth (AOD) data were obtained from the MCD19A2 Version 6 data
product distributed by NASA EOSDIS Land Processes DAAC, which was a Moderate
Resolution Imaging Spectroradiometer (MODIS) Terra and Aqua combined Multi-angle
Implementation of Atmospheric Correction (MAIAC) Land Aerosol Optical Depth (AOD)
gridded Level 2 product produced daily at 1 km pixel resolution. (https://lpdaac.usgs.
gov/products/mcd19a2v006/, accessed on 15 May 2021) [44].
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2.3.2. Building the LUR Model

A five-step backward method was adopted for fitting the LUR model [45]. For all
available potential predictor variables, bivariate correlation analysis with average PM2.5
concentrations of P1-P5 were conducted first. Second, the predictor variables were sorted
by adjusted R?. Third, other variables (Pearson correlation coefficient R > 0.7) with high
relevance to the highest ranked variables in each subcategory were removed. Fourth, all
the remaining predictor variables and PM2.5 concentrations were entered into the stepwise
linear regression model to obtain the multiple linear regression equation. Finally, the
significance level (p value < 5%) and variance inflation factor (VIF < 4) of each predictor
variable were checked to confirm the variables’ significance levels and to ensure no issues
of multicollinearity. The leave-one cross-validation (LOOCV) and 10-fold CV method were
chosen to evaluate the predictive capacity of the model. From the cross-validation, the R?
and root mean squared error (RMSE) were used to evaluate and compare the predictivity
of the model [46,47].

2.4. Statistical Analysis

Figure 3 shows the overall theoretical framework used for assessing the effect of PM2.5
concentration on gym visits under COVID-19.

The impact of PM2.5 on gym visits
of Beijing under COVID-19
from the perspective of space-time analysis

The mean of PM2.5

. Five land use
concentrations of five

periods of COVID-19
(P1-P5)

Land use data
Traffic information
POI information
Population data
Geographic information
Vegetation index
Remote sensing data
Meteorological data
Acrosol optical depth

regression (LUR)
models under P1-P5

Y

PM2.5 concentrations of
2452 gyms under P1-P5

Gym visits (proxied by
gym reviews on
“Meituan.com”) of
2452 gyms of Beijing
under P1-P5

4

4

Build ordinary
least square
(OLS) models

Build spatial
error model
(SEM)

| |
'

Conclusion:
Both PM2.5 and its spatial spillover effect had a positive impact on
the demand of gym sports in Beijing under COVID-19.

Build spatial
durbin model
(SDM)

Build spatial lag
model (SLM)

Figure 3. Theoretical framework model of this study.

2.4.1. Building Ordinary Least Squares (OLS) Model

First, we used an OLS panel regression model to test how the count of the gym visits
varies as a function of air pollution and climate conditions.

NUM;; = ag + a1 PM2.5;; + ap Wiy + a3 X + Ty + v + €t 1
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where NUM;; and PM2.5;; represent the comments, reviews, and PM2.5 concentrations
of gym i on COVID-19 period t. Wj; represents weather conditions, including gym mean
temperature and precipitation of P1-P5. Xj; is used as a control variable, including for
residents” gym ratings and per capita consumptions. T; and 7; are used to control for
COVID-19 wave-fixed effects and gym area-fixed effects. ¢;; is the random error term. The
standard errors are clustered by individual. To avoid collinearity with the PM2.5 data
generated by the LUR model, the average temperature and precipitation data of P1-P5
used in Equation (1) are based on other meteorological data obtained from 18 standard
meteorological stations at the Beijing Meteorological Informational Center, including hourly
temperature and precipitation.

Second, we defined the variable COVID-19 to denote the number of confirmed cases
in P1-P5 waves into Equation (1) to generate Equation (2).

NUMj = ag + a1COVID-19; + apPM2.5;; + aa Wiy + ag Xir + Tt + vi + €54, 2)

where COVID-19; represents the cumulative number of confirmed cases of COVID-19 in
P1-P5. Coefficient a; reflects the effect of PM2.5 concentration on gym visits under the
background of the COVID-19 pandemic, which is expected to be consistent with coefficient
a1 in Equation (1). The meanings of other characters are as the same as the above model.

Third, a robustness check was used to replace the PM2.5 variable with PM2.5 data
obtained from the Kriging interpolation method of the MEP PM2.5 monitoring sites and
that from the United States Embassy and Consulates to verify the association of actual
PM2.5 concentration with gym visits in P1-P5 of the COVID-19 pandemic [48].

2.4.2. Building Spatial Econometric Models
To begin, we used Moran’s Index to examine whether there was a spatial autocorrela-
tion relationship or not between gym visits in P1-P5 of the COVID-19 pandemic [49] as
Equation (3).
N — —
N i wi (x; — %) (x]- —7X)
N 2
Zi]' wij Zil\i1(xi —X)

with i # j, where x; is the interest variable in gym i, ¥ is the variable mean value, N
is the number of observations, and wj; is the spatial weight. The Moran index varies
between —1 and 1. A value close to 1 indicates the presence of clusters, and a value
close to —1 indicates spatial dispersion in the data. If the value is 0, then there is no
spatial autocorrelation.

If the spatial factor was ignored or classified as a random disturbance term, the results
obtained by the OLS modeling would have errors. Therefore, when analyzing the impact
of PM2.5 on gym visits, spatial econometric models need to be considered [50].

Then, spatial factors were taken into account in the spatial lag model (SLM), which
emphasized the spatial spillover effect of the local gym visits to the number of exercisers in
other nearby gyms. The SLM model is expressed formally as Equation (4):

Moran's I =

®)

n
NUMy =a+p 2 wjj NUM]'t + B1COVID-19; + BoPM2.5; + B3Wis + Tt + vi + €5 4)
=1

where p is the influence degree of the explained variable with spatial lag on the explained
variable, w;; represents the weight matrix, f is the degree of influence of each explanatory
variable (COVID-19, PM2.5 and weather situations) on gym visits, and the meanings of
other characters are the same as the above models.

Furthermore, the spatial error model (SEM) measured the error impact of local influ-
ential factors on the gym visits themselves and the impact of these influential factors on
other gyms in Beijing. The SEM model is expressed formally as Equation (5):

NUM;; = a + 1COVID-19; + BoPM2.5;; + B3Wis + Ty + vi + €5 (5)
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n
i =AY Wij €+ Mt , Pir ™~ N{O, 521}
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where A represents the spatial error correlation coefficient, y;; is the error term that satisfies
the OLS assumption, and the meanings of other characters are the same as the above models.

Lastly, the spatial Durbin model (SDM) reflects the degree of agglomeration of gym
visits in a single gym, the level of agglomeration of gym visits in adjacent gyms, and the
impact of the overall gym visits on the development of the gym industry in Beijing. The
SDM model is expressed formally as Equation (6)

NUM; =a+p 2;121 w;j NUM]'t + B1COVID-19; + BoPM2.5;; + B3 Wi+

6
107 wijCOVID—lgt +r wi]-PMZ.St +r wl‘th + T 4 v + €5 ©

where wi]COVID-19t, wijPMZ.St and with represent the spatial lag COVID-19, PM2.5 and
weather situations (temperature and precipitation) of the average observation value of the
adjacent gyms. 7 is the spatial correlation coefficient, and the meanings of other characters
are the same as the above models.

3. Results
3.1. PM2.5 Concentration Estimates from the LUR Model

The results of the five LUR model simulations were strongly correlated with the inde-
pendent in situ PM2.5 values based on the leave-one cross-validation (LOOCV) and 10-fold
CV results on the pandemic scale of P1-P5 (Table 3). After the final regression models
were obtained, regular 1 x 1 km grids were generated and predicted PM2.5 concentrations
were calculated at the grid points. Then, Kriging interpolation was conducted to generate
PM2.5 concentration distribution simulation maps of Beijing in P1-P5 (Figure 4). Finally,
we extracted the corresponding PM2.5 concentration values of all gyms in P1-P5 as PM2.5
exposure concentrations in P1-P5 of the COVID-19 pandemic, preparing for the follow-up
study of the effect of air pollution on gym visits under COVID-19.

(a) Pre-COVID Period (b) COVID-Lock Period  (c) COVID-Recover-I Period

“" Legend

¥ Selected Gyms * Selected Gyms

¥ Selected Gyms

PM2.5(ug/m?) PM2.5(ug/m") PM2.5(ug/m")
— 512 — 105.9 — 383
[ ks 793 315
23.8 - -l
(d) Xinfadi-COVID Period  (e) COVID-Recover-1I Period
Legend Legend
* Selected Gyms * Selected Gyms
PM2.5(ug/m’) PM2.5(ug/m?)
w— 02 e 012525 50 75 100
318 297 -—— Miles
- 194

Figure 4. Spatial distribution of simulation results of PM2.5 concentrations in Beijing in P1-P5.
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Table 3. Summary of the final LUR models for PM2.5 in P1-P5.

Model Variable Coefficient Std. Error T Value p ltl) VIF Global Statistics
Intercept 2.34 5.552 0.421 0.676 NA Adjusted R? = 0.68; LOOCV R? = 0.68
Pre-COVID CHAP 0.079 0.014 7.192 0.000 1.039 RMSE = 3.10 pg/m’;
PM2.5 (ng/m?) 10-fold CV R? = 0.68;
Cul_3000 4174 x 107 1363 x 107  3.063 0.004 1.039 RMSE = 3.72 p1g/m?.
COVIDLock  CHAB' >0 i 5271 0000 L0z Adju“ec;l;;s}o_yg’ ;QOO/CVJ?Z =073
PM25 (/) Cul_300 423107 95x107° 3.063 0.000 1.002 10-fold CV R? = 0.73; RMSE - 626 ug/m’.
Intercept 20925 2973 7.039 0.000 NA
COVID-Recover-  CHAP 0.398 0.093 4297 0.000 1.048 Adjusted R? = 0.64; LOOCY R? = 0.64
1PM25 Tru_500 1198.099 345.514 3.468 0.002 1.053 RMSE = 195 pg/m’;
(ng/m?) Cul_300 LI7x10*%  33x10° 3577 0.001 1.017 10-fold CV R? = 0.64; RMSE = 2.34 pg/m’.
Gra_100 ~0.001 252x 104 -2545 0.017 1.033
Intercept 2.032 6.088 0.334 0.741 NA
geacomp T o we dm o am o eespoimee-en
o PO 7000 019 0058 ~3.274 0.003 394 10-fold CVR? = 0.73; RMSE = 3.97 pg/m’.
Wat_100 —49.1 172x 104 -2615 0.014 1.101
COVID-Recover-  Intercept 8.407 4.257 1.975 0.057 NA Adjusted R? = 0.54; LOOCV R? = 0.54
11 PM2.5 AOD_047 0.079 0.014 5.505 0.000 1.044 RMSE = 2.89 pg/m’;
(ng/m?) Cul_1000 37x10°6 8407 4257 0.045 1.044 10-fold CV R? = 0.542; RMSE = 3.61 pg/m’
3.2. The Impact of PM2.5 Concentration on Gym Visits under COVID-19
As shown in Table 4, we used a series of OLS models to present specifications that
include progressively more controls from Model 1 to 3. Model 1 only controls for time-
fixed effects of five different COVID-19 waves, adding in area-fixed effects in Model 2,
gym attributes control variables in Model 3, and finally the level and squared terms of
PM2.5 in Model 4, which were used to explore the nonlinearity of the relationship between
PM2.5 concentration and gym visits. The standardized coefficients of PM2.5 from Model
1 to 3 steadily decreased (0.150, 0.148 and 0.119), showing that PM2.5 was significantly
positively associated with gym visits. Furthermore, precipitation was significantly nega-
tively associated with gym visits with an effect that was 18.05 in Model 4 after controlling
for time-fixed effects, area-fixed effects and gym attribute variables. Model 4 exhibits a
nonlinear positive relationship between PM2.5 concentration and gym visits; thereby, our
study mainly focused on the linear effect of PM2.5 on gym visits under COVID-19.
Table 4. Estimated associations between PM2.5 and gym visits from the OLS models.
Dependent Variable: Model 1 Model 2 Model 3 Model 4
Gym Comments
PM2.5 0.150 *** 0.148 *** 0.119 *** 0.366 ***
(0.000) (0.000) (0.000) (0.008)
(PM2.5)2 - - - —0.00165 *
- - - (0.065)
Precipitation 4.509 —20.01 *** —18.05 *** —19.17 ***
(0.153) (0.000) (0.000) (0.000)
Temperature 1.486 *** —0.0322 0.0259 -0.0561
(0.001) (0.897) (0.916) (0.823)
Constant 11.16 * 36.81 *** 0.327 30.61 ***
(0.075) (0.000) (0.939) (0.000)
COVID-19 Wave FEs Yes Yes Yes Yes
Gym FEs No Yes Yes Yes
Gym Controls No No Yes Yes
Observations 12,260 12,260 12,260 12,260
Participant number 2452 2452 2452 2452

Note: We suppressed the coefficients on control variables to conserve space. The 95% confidence intervals are
based on heteroscedastic robust standard errors. *** p < 0.001; * p < 0.01.
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Moreover, the positive impact of PM2.5 grew from 0.119 in Model 3 of Table 4 to 0.171 in
Model 1 of Table 5, which meant that such a positive effect increased to a 0.051 standard
deviation when introducing the COVID-19 variable into Model 3. Notably, we found that
COVID-19 was negatively associated with gym visits (—0.0272 in Model 1 of Table 5), which
could be explained by Chinese pandemic control measures and people’s high awareness of
pandemic prevention under the COVID-19 pandemic.

Table 5. Estimated associations between PM2.5 and gym visits in P1-P5.

Dependent Variable:

Gym Comments Model 1 Model 2 Model 3
COVID-19 —0.0272 *** —0.0246 *** —0.0246 ***
(0.000) (0.000) (0.000)
PM2.5 0.171 *** - -
(0.000) - -
PM2.5 Kriging - 0.00305 -
- (0.952) -
PM2.5 US Embassy - - 2.341 ***
- - (0.000)
Precipitation —19.14 *** —17.14 *** —17.04 ***
(0.000) (0.000) (0.000)
Temperature 0.116 0.0712 0.0707
(0.626) (0.771) (0.773)
Constant —2.985 4.568 —94.63 ***
(0.479) (0.307) (0.000)
Gym FEs YES YES YES
COVID-19 Wave FEs YES YES YES
Gym Controls YES YES YES
Observations 12,260 12,260 12,260
Participant Number 2452 2452 2452

Note: We included time-fixed effects of five different COVID-19 waves, area-fixed effects and gym attributes
control variables in all Models. In Model 2 and 3, we replaced the PM2.5 variable with PM2.5 data obtained
from the Kriging interpolation method of the MEP PM2.5 monitoring sites and that from the US Embassy and
Consulates, as mentioned in Materials and Methods. The 95% confidence intervals are based on heteroscedastic
robust standard errors. *** p < 0.001.

In our robustness check, PM2.5 from the Kriging interpolation method in Model 2 of
Table 5 was not statistically significantly associated with gym visits. However, the positive
impact of PM2.5 from the US Embassy and Consulates grew to almost 14 times of that in
Model 3 (2.341 versus 0.171). This might be due to the fact that there is only one PM2.5
monitoring site in the US Embassy and Consulates of Beijing, leading to an overestimation
of the positive impact of pollution on gym visits. The correlation between any two of the
three PM2.5 indicators was as high as 0.96. We found that the coefficient of precipitation
was significant and negative.

When considering the spatial autocorrelation, the z-value and p value of the overall
Moran’s Index for the gym visits showed that at the 1% significant level (Table 6), the num-
ber of gym exercisers had a significantly positive spatial autocorrelation among different
gyms in Beijing, indicating that there was an obvious agglomeration phenomenon among
the gym crowds.

Because of the spatial autocorrelation, spatial econometric models needed to be taken
into account, which included the spatial lag model (SLM), spatial error model (SEM) and
the spatial Durbin model (SDM).

As shown in Table 7, PM2.5 concentrations were positively associated with gym visits
in the OLS model, SLM model and SEM model after controlling for both fixed effects, with
coefficients of 0.171, 0.205 and 0.197, respectively, which effectively illustrated that PM2.5
had a positive effect on gym visits under COVID-19. Notably, the standardized coefficients
of COVID-19 from the OLS model, SLM model, SEM model and SDM model were similar
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(—0.027, —0,027, —0.028 and —0.024), which indicated that the COVID-19 variable itself
inhibited people’s gym sports behavior.

Table 6. Moran’s Index of gym comments in P1-P5.

Dependent Variable: I . p Value
Gym Comments under P1-P5
Pre-COVID 0.181 *** 6.137 0.000
COVID-Lock 0.062 *** 2.159 0.015
COVID-Recover-I 0.100 *** 3.394 0.000
Xinfadi-COVID 0.102 *** 3.490 0.000
COVID-Recover-II 0.122 *** 4.229 0.000
Note: *** p < 0.001.
Table 7. Four regression model results in P1-P5.
Dependent Variable:
Gym Comments under P1-P5 OLS SLM SEM SDM
COVID-19 —0.027 = —0.027 *** —0.028 *** —0.024 =
(0.000) (0.000) (0.000) (0.008)
PM2.5 0.171 *** 0.205 ** 0.197 ** 0.110
(0.000) (0.017) (0.025) (0.233)
Precipitation —19.14 *** —14.128 —13.897 5.397
(0.000) (0.223) (0.253) (0.757)
Temperature 0.116 0.164 0.196 0.347
(0.626) (0.671) (0.614) (0.376)
P - 0.078 *** - -
- (0.000) - -
A - - 0.078 *** 0.076 ***
- - (0.000) (0.000)
Gym FEs YES YES YES YES
COVID-19 Wave FEs YES YES YES YES
Observations 12,260 12,260 12,260 12,260
Participant Number 2452 2452 2452 2452

Note: *** p < 0.001; ** p < 0.05.

In addition, the spatial autocorrelation coefficients p of both the SLM model and
the SDM model and the spatial autoregressive coefficient A of the error term in the SEM
model were all significantly positive (0.078, 0.076 and 0.078), indicating that gyms with
large gym visits could increase the number of exercisers of surrounding gyms and drive
the development of the gym industry of Beijing, which was consistent with the previous
analysis of the Moran’s Index.

Compared with the SLM model and SEM model, we adopted the SDM model to carry
out the following analysis due to LR test rejecting the null hypothesis, which showed that
the SDM model was more reliable and stable. In order to analyze the spatial effect of each
influencing factor more concretely, we decomposed the SDM model to obtain the direct
effect (the influence of PM2.5 on local gyms), indirect effect (the impact of PM2.5 on other
adjacent gyms), and total effect (the impact of PM2.5 on all gyms of Beijing). The specific
results are listed in Table 8.

As shown in Table 8, the direct effect of PM2.5 was not significant, while the indirect
and total effects of PM2.5 were both significantly positive. It was proven that every 1%
increase in PM2.5 promoted an increase in gym visits at adjacent gyms by 0.394%, and an
increase in gym visits in all of Beijing by 0.512%. This phenomenon could be explained
because the air pollution had a spatial heterogeneity, that was to say, people with exposure
to higher pollution concentrations would refuse to go outside for exercise, while people
with relatively lower exposure to pollution nearby were more willing to travel to gyms.
This phenomenon needs to be discussed in future studies.

11
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Table 8. Direct effect, indirect effect and total effect of the SDM model.

Dependent Variable:

Gym Comments under P1-P5 Direct Indirect Total
COVID-19 —0.024 *** —0.003 —0.027 ***
(0.006) (0.788) (0.001)
PM2.5 0.118 0.394 *** 0.512 ***
(0.210) (0.003) (0.000)
Precipitation 4.025 —45.799 ** —41.773 ***
(0.810) (0.028) (0.007)
Temperature 0.367 —-1.412* -1.045
(0.328) (0.065) (0.215)
Gym FEs YES YES YES
COVID-19 Wave FEs YES YES YES
Observations 12,260 12,260 12,260
Participant Number 2452 2452 2452

Note: ***p < 0.001; ** p < 0.05; *p < 0.01.

Furthermore, the direct effect and the total effect of COVID-19 on fitness were signifi-
cantly negative, while the indirect effect was not significant. In reality, there was a negative
impact on gym fitness for all people when the pandemic was severe enough.

4. Discussion
4.1. Discussion of Main Findings

Given the high level of air pollution in Beijing, China, its air pollution dynamics
offered the opportunity to test how the demand for gym sports for this consumer city
was affected by pollution in the context of the intertwined impact of air pollution and the
COVID-19 pandemic.

Our study chose Beijing as the case to investigate how air pollution influenced people’s
demand for gym sports, focusing on the effect of PM2.5 on the frequency of traveling to
gyms during the COVID-19 pandemic. Our OLS model results showed that PM2.5 was
positively associated with gym visits, which was opposite of previous research studies
showing that air pollution was negatively associated with both outdoor physical activ-
ity [51,52] and indoor leisure places such as restaurants and shopping areas [9,10]. Such
a positive impact was larger when considering the influence of the COVID-19 pandemic.
One reason to explain this result was that people could not wait to exercise and participate
in recreational activities after the strict travel mandates of the COVID-19 pandemic [16,18].
Therefore, gym indoor physical activity gave them a chance to ignore the harmful effects
of both air pollution and COVID-19 virus contact when exercising. We also observed that
COVID-19 reduced the demand for gym sports, which was consistent with our expected
results [24]. Whether the accelerating effect of the COVID-19 pandemic on the positive
impact of air pollution on gym sports could trade off its own negative impact on gym
sports or not still needs more research and exploration. Future research should explore the
interweaving effects of the climate and social environment on people’s sports behavior.

Furthermore, in the section about measuring PM2.5 concentrations in the P1-P5
periods under COVID-19, five LUR models were constructed to accurately evaluate the
long-term exposure of gym crowds while traveling to the gym. Seasonality (i.e., spring,
summer, autumn and winter) was not included as a variable in the analysis of this section
because collinearity existed between season and ambient temperature after we controlled
for seasonality in this study. In the following robust check, we replaced the PM2.5 data
from the LUR models with that obtained through the Kriging interpolation method of the
MEP PM2.5 monitoring sites and that from the US Embassy and Consulates [48]. When
taken together, the reported positive effects of air pollution on gym visits derived from OLS
models in our study may be pronounced and solid.

Lastly, our study employed spatial econometric models, including SLM, SEM and
SDM to explore the spatial pattern of the gym visits in Beijing. We concluded that there
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was an obvious agglomeration phenomenon among the gym crowds, in other words, the
increase in gym visits at local gyms would lead to an increase in gym visits at other nearby
gyms, thereby making it possible to facilitate rapid development of the entire gym industry
of Beijing. Furthermore, we used the SDM model to obtain the direct effect, indirect effect
and total effect to verify the spatial spillover influence of PM2.5 on gym visits in Beijing
under COVID-19. The results showed that PM2.5 had a positive spatial spillover effect
on gyms visits of nearby gyms and on the all gyms in Beijing. COVID-19 was negatively
associated with gyms visits of all gyms, which was consistent with the above OLS models.

4.2. Implications for Pollution Health and Gym Sports Research

To the best of our knowledge, the present study provides evidence of the relationship
between air pollution and gym sports under COVID-19. Gyms, as a combination of sports
and indoor leisure consumption activity, are becoming relatively safe and comfortable
places for people to exercise and avoid pollution exposure. Furthermore, gym exercise
played an important role in improving people’s fitness and enriching their daily life under
the rigorous pandemic prevention and control measures. This phenomenon offers us a new
perspective that promoting gym use can produce considerable health benefits mainly from
less outdoor pollution and from COVID-19 virus exposure, as well as from increased levels
of physical activity.

Constructing more public indoor fitness facilities can be a good option to promote
the vigorous development of mass sports. However, the local government and companies
should consider the unintended impacts that constructing and operating new gyms may
have on local air pollution, for example emissions from construction activities [53], onsite
energy generators or increased demand for electricity from local power plants [54]. Fur-
thermore, previous research has shown that people are more willing to pay for greenspace
under air pollution [55]. It is essential to ensure that enough greenspace is provided in
indoor fitness facilities to prevent each individual from pollution exposure and to create
a comfortable and fresh exercise environment, which are beneficial for human mental
health [56].

Taking into account the situation of the COVID-19 pandemic and its prevention, the
government also needs to guarantee enough personal exercise space and avoid dangerous
problems caused by big occupancy on the basis of increasing indoor gym infrastructure.
For the issue of charging for private or public gyms, the government should improve the
free or low-cost opening subsidy policy for public sports facilities and promote the opening
of facilities to all groups of people.

Therefore, the local government should encourage gym sports and promote the ben-
efits of indoor fitness after the comprehensive consideration of the impact of various
influencing factors on people’s indoor fitness, especially under the COVID-19 pandemic.
As a result, more and more citizens are aware of the importance of physical activity under
the intertwined influences of both the pandemic and air pollution, which will continuously
improve the participation rate of national fitness in the future.

4.3. Research Limitations and Future Research Agenda

Our study has important limitations. First, given the high level of air pollution in
Beijing, China, our data come from 2452 gyms in Beijing, which may lead to possible
selection bias, and we need to be careful in generalizing this bias to other contexts. Further
research in other cities and countries is needed to cross-validate the external validity of
our quantitative findings. Second, we consider PM2.5 as the main source of pollutants in
this study, ignoring other urban pollutants, such as PMjp, NO, and SO; [57]. Third, we
used PM2.5 generated from LUR models under five COVID-19 periods to represent the
pollution exposure concentration of gym crowds. However, this lacks measurements of
the specific time of their gym visits and their personalized pollution exposure risk from
different commutes to the gym, which are expected to be resolved in follow-up research.
Finally, it is unclear whether exercise in a gym produce similar health benefits as outdoor
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sports. We need to consider multifaceted environmental attributes to possibly exert the
health effects at different spatial scales of gyms, which requires further research.

5. Conclusions

Using big gym datasets of Beijing in 2019-2020, we documented that air pollution had
a positive impact on residents’ gym visits (proxied by gym reviews on “Meituan.com”)
under COVID-19. Such a positive impact was larger when considering the influence of the
COVID-19 pandemic. From the perspective of space analysis, PM2.5 had a positive spatial
spillover effect on the development of the whole gym industry in Beijing under COVID-19.

Overall, this study offers us a new perspective that gym sports can be developed
into an essential activity for the public due to the avoidance of COVID-19 virus contact
and pollution exposure. Furthermore, this study may provide useful information for a
number of relevant stakeholders and policymakers and may be informative for city and
gym infrastructure planning that aims to promote better public health outcomes.

In the future, we need to consider the health hazards caused by large gatherings of
gym crowds and make some reasonable suggestions about gym management, for example,
making sure there are enough greenhouses in gyms and increasing gym facilities on the
basis of causing as little air pollution as possible and ensuring enough personal exercise
space under a pandemic prevention environment. In addition, due to the lack of direct
evidence on people’s movement, we had to use online consumption data to replace the
original activity track data. In follow-up research, we need to measure personalized
exposure pollution, such as different levels of air pollution exposure by different commutes
to gyms and real-time indoor pollution concentration of indoor gyms.
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G o W N

Abstract: The sudden onset of the COVID-19 pandemic had a significant impact on all aspects of peo-
ple’s lives, including their attitudes toward society and psychological well-being. This study aimed
to analyze the variation in public trust, perceived societal fairness, and well-being before and after
the outbreak of the coronavirus disease 2019 (COVID-19). This study used two-wave longitudinal
data of 15,487 residents (2018, T1; 2020, T2) derived from the Chinese Family Panel Studies (CFPS).
A repeated measures analysis of variance showed that (a) public trust, perceived societal fairness,
and subjective well-being significantly improved and (b) depression significantly increased. Linear
regression analysis showed that education and socioeconomic status had a significant predictive effect
on public trust, perceived societal fairness, and depression; socioeconomic status had a significant
predictive effect on subjective well-being. This study provides evidence and direction for current
social governance, namely, policy implementation and pandemic response.

Keywords: COVID-19; public trust; perceived societal fairness; mental health

1. Introduction

The sudden onset of the COVID-19 pandemic has had a major impact on economic
activities and social functioning. Several pandemic prevention and control measures have
been implemented such as halting certain work operations, enforcing home quarantine, as
well as travel restrictions. However, these measures have had a significant impact on all
aspects of people’s lives, including their attitudes toward society and psychological well-
being [1-3]. Public trust and perceived societal fairness form the foundation of attitudes
toward society and play a pivotal role in mental health, human survival, and develop-
ment [4,5]. Depression and subjective well-being are a direct reflection of an individual’s
mental health, especially during the COVID-19 crisis. Therefore, public trust, perceived
societal fairness, depression, and subjective well-being have been described to function as
a social “barometer”, which provides tools and indicators for analyzing and measuring the
trend of social development, contributing significantly to policy implementation, exploring
social operation mechanisms, grasping social thought dynamics, and promoting long-term
social governance [6].

To assess the variation in public trust, perceived societal fairness, and well-being
before and after the COVID-19 onset, this study used two-wave longitudinal data of
15,487 residents (2018, T1; 2020, T2) derived from the Chinese Family Panel Studies (CFPS).
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Comparing the responses of those who completed the CFPS from June 2018 to March 2019,
(prior to the pandemic) to those who completed the CFPS from July 2020 to December
2020 offered the setting for a natural experiment to compare how participants’ perceptions
of the country, the government, and their lives changed after COVID-19 began. Most
relevant studies conducted in China have been cross-sectional, and thus do not highlight
the changes in public trust, perceived societal fairness, and well-being [3,7-10]. This study
aimed to explore the changes in public trust, perceived societal fairness, and well-being,
and verify the predictive role of education and socioeconomic status during the COVID-19
crisis. Furthermore, this study provides a basis and direction for current social governance,
such as the implementation of policies and laws, as well as pandemic response.

1.1. Public Trust and Perceived Societal Fairness

Trust is a psychological state of willingness to take risks based on positive expectations
of external intentions or behaviors [11]. The COVID-19 pandemic has highlighted the
vital role that trust plays in producing and maintaining compliance with public health
instructions during times of crisis [12]. It has emphasized the several varieties of trust
that influence behavior when public health is at risk. People are expected to trust public
health professionals to identify hazards to the public’s health with accuracy and to suggest
appropriate mitigation measures. They are expected to trust officials to faithfully and
rapidly implement those policies. Specifically, citizens and communities need to trust
and adhere to advice from government officials and doctors. Recent studies indicate that
trust in government and public health guidelines have a close relationship [13-16]. Local
government officials may communicate information to ensure that citizens are aware of
new public health regulations [12]. Furthermore, during the pandemic, because the effort
to increase public awareness has the effect of reducing negative emotions and engaging in
rescue activities, interpersonal trust is an invisible force that reduces social dangers [17].
In order to deal with COVID-19, many people are required to work with strangers. These
acts come at a cost to the individual (e.g., social isolation), but are beneficial to the group as
a whole (e.g., safeguarding vulnerable groups; i.e., a societal conundrum) [18]. A recent
study revealed that educating individuals about the dangers the pandemic poses to their
health significantly increased their trust in strangers [19].

The pandemic can influence individual trust in the government, doctors, and strangers [20].
A study found that trust in the government among Chinese residents was at an overall high
level during the COVID-19 pandemic [21], as individuals were required to trust and comply
with the recommendations provided by government officials and doctors to mitigate the
pandemic. Trust in institutions may be enhanced instinctively among individuals in the
context of a common external threat owing to limitations imposed on choices [22]. In
accordance with the source model of group threat, perceptions of intergroup threat will
strengthen (in)group identification processes and relations because the perceived source of
a threat is crucial in forecasting its repercussions [23]. According to the source model of
group threat, groups such as nations confronting external threats react by strengthening
their intragroup connections [23]. Particularly, the emotional connections of individuals
are strengthened through both location and national identity, developing a strong sense of
community [23,24]. Thus, public trust increases after natural disasters, possibly as a result
of the need for everyone to work collaboratively to overcome the tragedy [25]. Based on
research conducted in the United States during the HIN1 epidemic, individuals exhibited
substantial trust in public health officials [26]. Furthermore, longitudinal data analyzed
in Switzerland showed that individuals initially had high levels of trust in government
and public health officials. However, that trust gradually declined as the HIN1 pandemic
progressed [27].

In the present study, several indices of public trust relevant to the COVID-19 pandemic
were included: trust in local government officials, doctors, and strangers [12,18,19]. Local
government officials and doctors are cooperating to initiate response and communicate
the corresponding reasons to the public [12]. Trust and cooperation among strangers may
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be the key to understanding how societies are dealing with the COVID-19 pandemic [18].
These indicators cannot cover all aspects of public trust, but are representative, and the
content and orientations involved are the focal issues deeply felt by the general publicin a
sudden pandemic [6]. Most research demonstrates that being exposed to natural disasters
like earthquakes, typhoons, and volcanic eruptions strengthens relationships of trust and
collaboration [25,28-31]. We, therefore, assumed that trust in local government officials,
doctors, and strangers would increase after the outbreak.

Perceived societal fairness was also considered. Perceived societal fairness is the
ability of an individual to perceive and judge the extent of social fairness and includes three
types, namely, distributive, procedural, and interactional fairness [32,33]. An imbalance
in perceived societal fairness can lead to the accentuation of social conflicts and contra-
dictions, affecting social harmony and stability [34-36]. Maintaining societal cohesion by
dealing with injustices would be critical in improving well-being post-pandemic [37]. The
Chinese government adopted three measures, including increasing the construction of the
public health system, improving the capacity of large-scale nucleic acid testing, and fully
covering the cost of treating patients with coronary pneumonia, in order to maintain social
harmony and stability [38]. Therefore, it was assumed that residents would experience
more perceived societal fairness. Coordinated efforts among individuals, communities,
and governments to combat a pandemic indicate a strong signal of cooperation, facilitating
the reorganization of external and internal groups into communities of purpose. Moreover,
the renewed social identity can help to coordinate and manage responses to threats while
promoting adherence to commitments and norms among group members, thus facilitating
national leadership behaviors [20]. An individual sense of common fate, which involves
identification and positive feelings about the nation, may have also increased with the
COVID-19 outbreak [23,24]. Similarly, patriotism and identification with fellow citizens
increased among Americans following the 9/11 incident [39]. Thus, social identity dur-
ing the COVID-19 pandemic can enhance group relations and enhance perceived societal
fairness [37].

1.2. Depression and Subjective Well-Being

People’s mental health is likely to be impacted by the lived experience of witnessing
the pandemic unfold, in addition to the social isolation and financial uncertainty brought on
by the pandemic [22]. Relevant studies demonstrate that experiencing widespread calami-
ties (e.g., natural disasters and war) instantly puts people’s mental health at risk [40,41].
First, anxiety, panic, depression, and other negative emotions may be exacerbated among
individuals during the pandemic, as well as profound changes to their mental health [42,43].
Furthermore, studies found that people experienced relatively high levels of anxiety and
depression after the outbreak [7,8], which is consistent with the findings underscoring
high levels of fear and anxiety following the global SARS outbreak in 2003 [44,45]. Second,
pandemics are considered a social threat as they reduce offline interpersonal and social
contact, which undermines the subjective well-being of individuals [46], causing a specific
decline in life satisfaction, future confidence, and interpersonal relationships. However,
social threats also provide opportunities to enhance social cohesion and bonding [40,47],
which can mitigate the negative effects of the pandemic.

To assess pre- and post-pandemic mental health, we took depression and subjective
well-being as the mental health index, which reflect people’s psychological state from
different aspects [48]. Subjective well-being refers to the overall judgment of an individ-
ual’s life state based on personal criteria. Furthermore, it provides a subjective, holistic,
and relatively stable perspective, serving as a comprehensive psychological indicator
outlining the quality of an individual’s life [49,50]. Moreover, subjective well-being em-
phasizes a comprehensive subjective evaluation that includes pleasurable experiences
of the individual’s body and mind, emotional feelings, and satisfaction. Furthermore,
two indicators of subjective well-being were examined [22,51,52]: satisfaction with life
and personal well-being (future security, personal relationships, and impact of happy
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event). Diener et al. [51] proposed that subjective well-being includes an indicator of life
satisfaction. Moreover, Cummins et al. [52] proposed a Theory of Subjective Wellbeing
Homeostasis, which proposes that subjective well-being includes indicators of personal
well-being, involving satisfaction with standard of living, future security, personal relation-
ships, impact of happy/sad event, and health. Therefore, this study used life satisfaction,
future confidence, interpersonal relationships, and experience of happiness to measure
subjective well-being. The outbreak of the COVID-19 pandemic is likely to lead to changes
in the mental health of residents. Therefore, we assumed that increased depression would
be associated with decreased subjective well-being after the outbreak of COVID-19.

1.3. Education and Socioeconomic Status

Education is associated with public trust, perceived societal fairness, and depression.
A recent study found that a higher level of education is associated with higher government
trust during COVID-19 [53]. Furthermore, education has a profound impact on shaping
the public’s perceived societal fairness [54]. A follow-up study found that education
had a protective effect against an increase in depressive symptoms [55]. Socioeconomic
status is a social classification that reflects an individual’s position in the social hierarchy,
which comprises subjectively perceived social status and objective material resources
measured by income, education level, and occupational status [56,57]. Socioeconomic status
has an impact on all parts of an individual’s life [58], including public trust, perceived
societal fairness, and well-being. The positive predictive effect of socioeconomic status
on interpersonal trust has been confirmed by many cross-cultural studies [59]. Moreover,
socioeconomic status affects individuals” perceived societal fairness [60]. Some research
indicated that individuals with a higher socio-economic status had greater advantages
in personal health [61,62]. Evidence-based studies have shown that those with a lower
socioeconomic status experienced higher rates of depressive symptoms [63], and had lower
satisfaction with life [64]. In response to the COVID-19 crisis, we envision to verify the
predictive role of education and socioeconomic status based on these studies.

2. Materials and Methods
2.1. Data and Study Population

The data were derived from the China Family Panel Studies (CFPS), which is a project
financed by Peking University and the National Natural Science Foundation of China. The
CFPS was first conducted in 2010 by its affiliate, the Institute of Social Science Survey, with
a goal sample size of 16,000 homes. Furthermore, the CFPS is a multidisciplinary, national,
large-scale social tracking survey including 25 autonomous regions [65]. This study linked
a sample of 37,354 data points from Wave 4 of the survey, which was from June 2018 to
March 2019 (hereafter referred to as T1 or 2018) with 28,590 data points from Wave 5 of the
survey, which was from July 2020 to December 2020 (hereafter referred to as T2 or 2020), and
15,487 valid questionnaires were finally collected. The 15,487 participants were the same in
both waves. Data were screened according to the following conditions: (1) complete data
were available for the fourth and fifth waves on the measures of public trust, perceived
societal fairness, depression, and subjective well-being; and (2) samples with missing
values for the variables in this study were excluded. Listwise deletion was used in all
analyses owing to low levels of missing data (5% on any variable) [19]. Consequently, a
total of 15,487 valid data points were obtained, which consisted of 7801 men, 7686 women,
8158 living in urban areas, and 7329 living in rural areas. Their ages ranged from 16 to
90 years old (M = 45.49 years, SD = 15.22) in the fourth wave of the survey and from 18 to
92 years old (M = 47.48 years, SD = 15.22) in the fifth wave of the survey. Education levels
ranged from illiterate and semi-literate (2739), elementary (2882), middle school (4786),
high school (2632), college (1310), bachelor’s degree (1037), master’s degree (96), to doctoral
degree (5), with values from 1 to 8.
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2.2. Measures
2.2.1. Public Trust and Perceived Societal Fairness

Participants were asked about their trust in local government officials, doctors, and
strangers [12,18,19], which were scored between 0 and 10. The composite reliability co-
efficients were 0.77 at T1 and 0.76 at T2, which indicated acceptable reliability [66]. The
factor analysis revealed that the inequality scale included two factors, one of which is five
positive scoring questions and the other is three reverse scoring questions [67]. In this
study, the five positively scored items, related to life during the pandemic, were used to
measure individual perceptions of social justice, which were shown to be valid and reliable
in previous studies [67,68]. Respondents indicate the extent of their agreement with the
items using a five-point scale (strongly disagree, disagree, neither agree nor disagree, agree,
and strongly agree). An example item is “There is equality in harmonious interpersonal
relationships”. Higher scores indicate a stronger sense of social justice [68,69]. In this study,
the composite reliability coefficients were 0.76 at T1 and 0.76 at T2.

2.2.2. Depression and Subjective Well-Being

Measures included the eight-item Center for Epidemiologic Studies Depression Scale
(CES-D) used to assess depressive symptoms. Participants were asked to rate the frequency
of each symptom experienced throughout the previous week on a scale from 1 (“rarely or
none of the time (<1 day)”) to 4 (“most or all of the time (5-7 days)”). Furthermore, previous
studies showed that the eight-item CES-D scale was a valid and reliable screening measure
of depressive symptoms [48,70]. In this study, the Cronbach’s alpha coefficients at T1 and
T2 were 0.76 and 0.77, respectively; the composite reliability coefficients at T1 and T2 were
0.79 and 0.79, respectively. Participants’ subjective well-being was also assessed, which
included life satisfaction, future confidence, interpersonal relationships, and experience
of happiness [22,51,52]. Consequently, four items were selected: “satisfaction with your
life” (scored between 1 and 5), “confidence in your future” (scored between 1 and 5), “the
quality of your relationships” (scored between 0 and 10), and “how happy are you” (scored
between 0 and 10). In order to better reflect the meaning of subjective well-being, we
transformed 0 points into 1 point for “the quality of your relationships” and “how happy
are you”, and performed a two-fold weighting for the points of “satisfaction with your life”
and “confidence in your future”. The composite reliability coefficients at T1 and T2 were
0.82 and 0.83, respectively.

2.2.3. Socioeconomic Status

Socioeconomic status was measured by two items “What is your personal income
here?” and “What is your social status here?” [58]. Participants were asked about their
current situation on a scale from 1 to 5 (1 = very low, 5 = very high). The two indicators
were converted into standard scores according to Tan and Kraus [71] before being added. A
higher level of socioeconomic status was reflected by higher scores. Socioeconomic status
ranged from —1.96 to 1.89 (M = 0.00, SD = 0.88).

2.3. Data Analysis

SPSS software version 26 (IBM, Armonk, NY, USA) was used to manage and analyze
the data. First, the existence of a common method bias was examined using Harman’s
single-factor test. Thereafter, a one-way repeated measures ANOVA was conducted to
explore the variation in public trust, perceived societal fairness, and well-being before and
after the COVID-19 outbreak. Finally, linear regression analysis was used to examine the
predictive effects of education and socioeconomic status on public trust, perceived societal
fairness, depression, and subjective well-being.

3. Results

Harman’s single-factor test was used to assess the common method bias based on
the self-reported data used. According to the exploratory factor analysis, the first factor
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accounted for 14.17%, which was 40% below the critical value [72], indicating that there
was no significant common method bias in this study.

3.1. The One-Way Repeated Measures ANOVA of Public Trust and Perceived Societal Fairness

A one-way repeated measures ANOVA was conducted on public trust and perceived
societal fairness, with gender, urban/rural, and age as covariates. The one-way repeated
measures ANOVA results for public trust and perceived societal fairness are shown in
Table 1. We chose nzp as the effect size for the ANOVA, which can respond to the size of
the difference. Notably, the value of n?; is less than 0.04, which indicated a very small
effect [73-75].

Table 1. Repeated measures ANOVA of public trust, perceived societal fairness, depression, and
subjective well-being (the main effect of time).

Variables T1 (M £ SD) T2 (M £ SD) F p 112p 90% CI [Lower, Upper]
Public trust 14.03 + 5.27 15.17 + 5.08 111.66 0.000 0.007 [0.005, 0.01]
Perceived societal fairness 19.07 £ 2.64 19.15 £+ 2.56 4.50 0.034 0.000 [0.000, 0.001]
Depression 13.46 + 3.85 13.55 + 4.06 4.27 0.039 0.000 [0.000, 0.001]
Subjective well-being 30.95 4+ 5.63 30.98 + 5.65 14.87 0.000 0.001 [0.000, 0.002]

For public trust, the main effect of time was significant, F(1, 15,483) = 111.66, p = 0.000,
nzp = 0.007, 90% confidence interval; CI [76]: [0.005, 0.01], and T2 was significantly
higher than T1. In terms of societal fairness, the main effect of time was significant,
F(1, 15,483) = 4.50, p = 0.034, n2p = 0.000, 90% CI: [0.000, 0.001], and T2 was significantly
higher than T1.

3.2. The One-Way Repeated Measures ANOVA of Depression and Subjective Well-Being

A one-way repeated measures ANOVA was conducted on depression and subjec-
tive well-being, with gender, urban/rural, and age as covariates. The one-way repeated
measures ANOVA results for depression and subjective well-being are shown in Table 1.

For depression, the main effect of time was significant, F(1, 15,483) = 4.27, p = 0.039,
n%p = 0.000, 90% CI: [0.000, 0.001], and T2 was significantly higher than T1. With regard to
subjective well-being, the main effect of time was significant, F(1, 15,483) = 14.87, p = 0.000,
n%p = 0.001, 90% CI: [0.000, 0.002], and T2 was significantly higher than T1.

3.3. Linear Regression Analysis with Public Trust, Perceived Societal Fairness, Depression, and
Subjective Well-Being as the Dependent Variables

Hierarchical multiple regression analysis was used to examine the predictive effects
of education level and socioeconomic status on T2 public trust, with T1 public trust,
gender, urban/rural, and age as control variables. We use the same approach to analyze
perceived societal fairness, depression, and subjective well-being, with the dependent
variable at T1, and gender, urban/rural, and age as control variables. As indicated in
Table 2, results showed that education (3 = 0.17, p < 0.001) and socioeconomic status
(B =091, p < 0.001) had a significant predictive effect on T2 public trust. As indicated
in Table 3, the results showed that education (3 = —0.08, p < 0.001) and socioeconomic
status (3 = 0.48, p <0.001) had a significant predictive effect on T2 perceived societal
fairness. As indicated in Table 4, the results showed that education (3 = —0.22, p < 0.001)
and socioeconomic status (3 = —0.45, p < 0.001) had a significant predictive effect on T2
depression. As indicated in Table 5, the results showed that socioeconomic status (3 = 1.99,
p <0.001) had a significant predictive effect on T2 subjective well-being.
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Table 2. Public trust as the dependent variable.

First Level

Second Level

Variables
B t B t
Constant 9.3() *** 9.47 ***
T1 Public trust 0.45 *** 66.43 0.43 *** 61.92
Gender 0.27 *** 3.79 0.24 ** 3.30
Urban/rural 0.01 0.18 0.02 0.20
Age —0.01 *** —5.69 —0.02 *** —6.99
Education 0.17 *** 5.74
Socioeconomic status 0.97 *** 21.58
R? 0.22 0.25
AR? 0.22 *** 0.02 ***
F 1118.42 *** 849.82 ***

Note: ** p < 0.01, ** p < 0.001.

Table 3. Perceived societal fairness as the dependent variable.

First Level

Second Level

Variables
B t B t
Constant 13.11 *** 14.25 ***
T1 Perceived societal fairness 0.31 *** 42.43 0.29 *** 39.00
Gender 0.22 *** 5.59 0.25 *** 6.61
Urban/rural —0.31 *** —8.00 —0.17 *** —4.16
Age 0.00 1.95 —0.01 *** —5.29
Education —0.08 *** —5.29
Socioeconomic status 0.48 *** 21.42
R? 0.12 0.14
AR? 0.12 *** 0.03 ***
F 509.15 *** 432.81 ***
Note: **p < 0.001.
Table 4. Depression as the dependent variable.
First Level Second Level
Variables
B t B t
Constant 7.26 *** 8.27 ***
T1 Depression 0.50 *** 66.85 0.48 *** 63.66
Gender —0.37 *** —6.43 —0.32 *** —5.64
Urban/rural —0.42 *** —7.32 —0.33 *** —5.40
Age —0.00 —0.32 —0.00 —1.69
Education —0.22 *** —9.28
Socioeconomic status —0.45 *** —13.37
R? 0.24 0.25
AR? 0.24 *** 0.01 ***
F 1216.65 *** 865.99 ***

Note: *** p < 0.001.

Table 5. Subjective well-being as the dependent variable.

First Level
Variables

Second Level

B t B t
Constant 13.54 *** 17.25 ***
T1 Subjective well-being 0.52 *** 76.00 0.43 *** 63.74
Gender 0.11 1.48 0.12 1.58
Urban/rural —(0.32 *** —4.18 0.02 0.21
Age 0.03 *** 11.95 0.01* 2.17
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Table 5. Cont.

First Level Second Level
Variables
B t B t
Education 0.02 0.61
Socioeconomic status 1.99 *** 44.71
R? 0.28 0.37
AR? 0.28 *** 0.08 ***
F 1532.81 *** 1487.42 ***

Note: * p < 0.05, ** p < 0.001.

4. Discussion

Globally, countries are taking action against COVID-19. The present study analyzed
the variation in public trust, perceived societal fairness, and well-being before and after the
outbreak of the COVID-19 and verified the predictive role of education and socioeconomic
status. In addition to theoretical and scientific implications, these findings provide valuable
information to governments, which must rapidly develop and alter COVID-19 management
plans, as well as to the global population, who are confronted with this dilemma [22].

4.1. Variation in Public Trust and Perceived Societal Fairness

The present study found that public trust and perceived societal fairness significantly
improved, which was supported by previous studies [21,25,26]. Firstly, consistent with
group threat theory that perceptions of intergroup threat will strengthen (in)group identifi-
cation processes and relations, a significant increase in public trust was observed in this
study because external threats motivate people to unite and trust each other [23]. Secondly,
the bold and decisive actions of the Chinese government, including the shutdown of the
economy, have the potential to unite people in the fight against the pandemic. A recent
study indicated that individuals’ trust is a critical factor at various stages of a compli-
cated causal chain of pandemic response, such as diagnosis, regulation, promulgation,
and enforcement [12]. Furthermore, public trust facilitates the implementation of pan-
demic prevention and control measures [20]. Studies have found that the implementation
of official recommendations for preventive behaviors occurs most likely when trust in
the government is high and negative feelings are low [77]. Several findings suggest that
trust in local governments contributes to lower infection rates [78]. Similarly, a Dutch
follow-up study found that pandemic lockdown measures increased residents’ trust in
the government and science [79]. Perceived societal fairness is related to the residents’
social identities [37]. The COVID-19 pandemic outbreak has facilitated the international
recognition and validation of China’s rapid response, efficient strategy, and successful
experience in mitigating the pandemic. Moreover, China’s response to the outbreak has
enhanced the pride of the nation. The Chinese government has created new norms within
existing groups to address societal inequalities by prioritizing the safety and health of its
people, thereby underscoring the concept of “life first, people first” [38]. Therefore, this
may result in a very stable perceived societal fairness for residents.

4.2. Variation in Depression and Subjective Well-Being

The present study found that depression significantly increased among residents,
which is supported by previous empirical studies [7,8]. Another surprising finding was
that subjective well-being has also increased. Notably, both depression and subjective
well-being had low effect sizes. First, this result may be related to the time period. In
February 2020, the development trend of the pandemic was very alarming, with the most
serious period in the Chinese mainland. During this stage, the negative impact of the
pandemic was the most representative and intense. By April 2020, the Chinese government
had curbed the development trend of the pandemic through a series of measures, with
people in most areas gradually returning to work and school. As a result, the negative
effects may have decreased. Data from the survey were collected from July to December
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2020; therefore, individuals’ depression and subjective well-being during this period did
not change significantly [42]. Second, public trust may have contributed to the stability
in mood (i.e., level of depressive symptoms) and subjective well-being. A large survey
conducted across several countries, including China, found that social trust was positively
associated with life satisfaction [80]. Furthermore, our study found that people’s public
trust and perceived societal fairness significantly improved, which may contribute to the
stability in their mental health. Moreover, the improvement in subjective well-being may
be impacted significantly by the positive effects of the increased public trust and perceived
societal fairness. However, the adverse short-term effects of the pandemic on depression
and subjective well-being were limited, which may partly be due to an increase in public
trust and perceived societal fairness. Nevertheless, depressive symptoms increased after
the pandemic, which is consistent with previous research showing that social threats have
a negative effect on mental health [81,82]. Overall, the individuals showed resilience in
mental health.

4.3. Predictive Role of Education and Socioeconomic Status

The present study verified the predictive role of education and socioeconomic status.
Education and socio-economic status are important factors in determining public trust,
perceived societal fairness, and well-being [83]. The subjective evaluation of the COVID-19
crisis responsiveness varies depending on the individual. To establish an opinion, one must
have the ability and motivations to look for and analyze relevant information. Education
is an essential source of information [53]. Socioeconomic status reflects an individual’s
objective social resources and subjective perceptions of social status [56,57]. It is thus
crucial to develop measures that correspond to the educational and socioeconomic status
of individuals. The predictive role of education and socioeconomic status contributes to
understanding the factors of public trust, perceived societal fairness, and well-being in
crisis management. Furthermore, offering insightful information about how individuals
respond to government action may be helpful in future instances.

4.4. Limitations and Future Research Directions

This study used public trust, perceived societal fairness, and well-being data of
15,487 residents from 2018 (T1) to 2020 (T2) from the CFPS. Overall, the residents in this
study showed resilience, which is consistent with previous findings. For example, Zhou [84]
underscored that the improvement in psychosocial resilience is the future direction for the
social mindset of Chinese people. However, this study has several limitations. First, the
data from the CFPS conducted in 2018 and 2020 were secondary. As a result, it is possible
that the variables chosen for measurement did not accurately capture the concept’s mean-
ing. Future research should employ specific subjective well-being and public trust research
methods. Second, although we found a significant effect of public trust, perceived societal
fairness, and well-being, the effect size was small. Future studies should concentrate on
other variables that affect public trust and subjective well-being. The effects on public trust,
perceived societal fairness, depression, and subjective well-being are ongoing as a result of
economic, political, and social development, as well as the repeated adverse effects of the
pandemic. Thus, future in-depth studies regarding this topic still need to be conducted.

First, the proportion of depressed people may increase with the recurrence of the
pandemic imposed by the impact of various management policies on interpersonal social-
ization, such as pandemic prevention and control, and constraints on economic develop-
ment [22]. Simultaneously, an immediate increase in public trust may decline over time. A
follow-up study of the pandemic in Italy found that people’s sense of social responsibility
increased. However, trust in the government remained largely unchanged over time owing
to the impact on economic development, while trust in science and health participation
decreased [85].

Second, there should be an increased focus on the differences in the ability of various
groups to cope with the pandemic, focusing on assessing protective and risk factors for
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different groups to cope with the pandemic. For example, groups lacking social support
and pre-existing underlying problems that pose a greater risk during a pandemic should
be included in future research [82,86]. Furthermore, combined stressors such as unemploy-
ment or relationship instability can exacerbate the impact of a pandemic [22]. Longitudinal
studies conducted in the United States after 9/11 found that most people were resilient,
despite a significant proportion who developed post-traumatic stress disorder [86]. Thus,
future studies should prioritize exploring approaches to help different groups cope with a
pandemic [20].

Finally, the results of this study highlight the need for a unified response to the
pandemic amidst adversity and the importance of gaining social acceptance for pandemic
control initiatives [20,87]. This study shows that the strong response to the pandemic in
China could contribute significantly to the increased public trust among the population.
Furthermore, China has always adhered to the concept of building a community of human
purpose. Moreover, China has been responsible for life safety and physical health within
its population, which has implications for global public health and has gained widespread
acceptance, most likely increasing trust in the government among residents [38].

5. Conclusions

The current study analyzed the variation in public trust, perceived societal fairness,
and well-being before and after the outbreak of COVID-19 based on two-wave longitudinal
data of 15,487 residents (2018, T1; 2020, T2) derived from the CFPS. The results showed that
public trust, perceived societal fairness, and subjective well-being significantly improved
and depression significantly increased. Linear regression analysis showed that education
and socioeconomic status had a significant predictive effect on public trust, perceived
societal fairness, and depression; socioeconomic status had a significant predictive effect
on subjective well-being. Thus, this research provides evidence and direction for current
social governance, with implications for policy implementation and effective pandemic
response methods.
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Abstract: The COVID-19 pandemic has caused significant disruptions in the freight transport sector.
The number of studies on the impact of COVID-19 on freight transport and possible mitigation
strategies are growing. However, a systematic and comprehensive review highlighting the research
themes, main findings, research methods, and future research directions of these studies remains
scarce. Therefore, this study presents a mixed review comprising scientometric and systematic
reviews to cover these research gaps. Results show that 68 studies have been published on this topic
since the beginning of 2020 and that they cover three main themes: the impacts of COVID-19 on
freight transport, mitigation strategies, and recovery during and after COVID-19. In addition, we
describe the research methods, main findings, and possible research directions in each of them. Thus,
the findings of our work present both theoretical and practical analyses of COVID-19-related research
on freight transport and provide important future research directions in this domain.

Keywords: freight transport; COVID-19; air freight; sea shipping; road transport; recovery measures;
strategies

1. Introduction

In December 2019, China announced the first case of the novel coronavirus disease,
called “SARS-CoV2”. Since then, the virus has spread over the world, infecting and
killing people. By March 2020, the World Health Organization (WHO) had declared it a
pandemic and officially named it “COVID-19”. By the end of 2020, the virus had infected
more than 82 million people and killed over 1.8 million. Therefore, the pandemic may
be referred to as the most disastrous black swan event in 2020. To curb the spread of
COVID-19, travel restrictions were firmly implemented by governments worldwide. As
a result, these restrictions have significantly affected all modes of freight transport and
caused severe disruptions. As of April 2020, global demand for air freight has dramatically
declined by approximately 27.7% compared to 2019 [1], while air freight capacity shrank
by 42% compared to 2019 [2]. This dire situation has also been observed in global road
freight, with an estimated loss of EUR 550 billion due to movement restrictions imposed by
governments [3]. Similarly, sea freight transport was not spared, as container ship mobility
reduced by approximately 14% in June 2020 [4].

Freight transport has always been an important aspect of the supply chain. Therefore,
since 2020, many studies have studied the impact of COVID-19 on freight transport logistics
and possible mitigation strategies. Examples of these impacts include shortage of transport
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resources [5,6], higher operating costs [7,8], and fluctuations in demand for transport
services [6,9]. The identification of appropriate strategies for managing such impacts has
been addressed in some studies [10,11]. Given the significance of this topic, it is valuable
to report the up-to-date status of research regarding freight transport during COVID-19
and outline some future research directions. It is worth noting that some previous studies
have addressed the impact of other types of pandemics, e.g., influenza [12], cholera [13],
Ebola [14], and malaria [15]. In addition, some scholars have published review papers on
the impacts and response strategies to these disease outbreaks [16,17]. However, these
review papers are focused on the pre-COVID 19 pandemics with emphasis on logistics [16],
supply chains [17], and buying behaviors of customers due to pandemic outbreaks [18].
Compared to the previous pandemics, COVID-19 stands out with extraordinary impacts on
virtually all human activities. Unlike the previous pandemics, that disrupt activities in some
locales, COVID-19 affects businesses around the globe. Furthermore, to curb the spread
of the disease, many countries implement lockdowns that halt all industrial and social
activities with attendant disruptions to most global and local supply chains [19]. Although
the COVID-related literature on freight transport is constantly growing, the findings from
these studies are still scattered across several sources and rather unsystematized. More
specifically, the literature reporting COVID-19-pandemic-related freight transport studies
in a systematic approach remains scarce. In this regard, there are only two relevant review
papers [19,20]. Chowdhury, Paul, Kaisar and Moktadir [19] conduct a review study on
the impacts of the COVID-19 pandemic on eight supply chain-related areas including
transportation and logistics. Despite the significance of this review study, it considers
only a small set of the COVID-19-related freight transport studies, i.e., 12 studies. Borca,
Putz and Hofbauer [20] review the literature on the different crises that hit Europe in the
previous 20 years and their effects on freight transport modes. Although the authors list
COVID-19 as one of the crises, only three studies related to the impact of COVID-19 on
freight transport are covered.

Unlike the previous studies, this current work analyzes 57 COVID-19-related studies
on freight transport. In particular, this work seeks to answer the following three main
research questions (RQ):

RQ1: What are the research themes and main findings of the literature on freight
transport during COVID-19?

RQ2: What are the main research methods used in the COVID-19-related literature on
freight transport?

RQ3: What are the future research directions in the freight transport sectors with
respect to the COVID-19 pandemic?

To answer these three research questions, the present study uses a mixed review
method that combines scientometric and systematic review methods. A scientometric
analysis is conducted to identify the major research scopes, linkage of researchers, countries,
and others on research articles related to COVID-19 and freight transport. Next, a systematic
review of these articles is undertaken to summarize the main research themes in this domain.
The findings of this work will be of immense benefits to researchers and forestall duplication
of research efforts at this stage of the pandemic. Additionally, researchers can take cues
from the identified future research avenues to enrich the existing body of knowledge in
the domain of freight transport. Furthermore, practitioners will gain deep insight into the
main themes of freight transport and how scholars have addressed them. This will help
bring more innovation and performance improvement in this field.

The remainder of this paper is organized as follows. Section 2 presents the review
methodology for scientometric analysis and systematic review. In Section 3, results of the
scientometric analysis are presented, whereas Section 4 discusses the systematic literature
review. Lastly, Section 5 concludes the study.
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2. Review Methodology

Figure 1 summarizes the methodology of the review process, which combined biblio-
metric analysis, scientometric analysis, and systematic review. Note that the bibliometric
analysis was conducted before the scientometric analysis and systematic review, to ensure
that the collected bibliographic data were representative of the proposed review topic. The
following sub-sections expatiate on the details of each process.
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Figure 1. Summary of the review methodology.

2.1. Bibliometric Analysis

The bibliometric analysis started with the definition of the scope, which was freight
transport amid the outbreak of COVID-19. Next, based on this scope, combinations of
three keywords and their related synonyms were used to search for the related literature
in a scientific database. These keywords, “COVID-19, coronavirus, and SARS-CoV-2”,
“transport”, and “freight, cargo, and goods”, were combined by using Boolean logic, as
shown in Figure 2. After generating the combination of keywords, the SCOPUS database
was selected due to its updated and wide coverage of existing literature on the proposed
topic [21]. The search results gave 101 research documents, which further dropped to
57 articles when only English language documents were extracted. Note, the search results
were downloaded in a CSV file, which included each article’s title, abstract, author list,
funding details, etc. The bibliometric analysis ended with the filtering process, which
comprised screening the articles’ titles and reading their abstracts to eliminate irrelevant
research papers.

2.2. Scientometric Analysis

Scientometric analysis is a data and text mining technique that uses the filtered data
from the bibliometric study to visualize the relationships between keywords, citations,
authors, and others. This analysis reduces the subjectivity associated with the findings
of narrative reviews [22]. Thus, this analysis is adopted in several studies in different
research fields, including transportation [23], construction management [21], and healthcare
management [24]. As shown in Figure 1, the first step in conducting the scientometric
analysis was to revise the results of the bibliometric analysis and then select a suitable
software to perform the scientometric analysis. In this study, VOSviewer [25] was utilized
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for the scientometric analysis, including analysis of keyword co-occurrence, co-citation,
and co-authorship.
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Figure 2. Keywords combination through Boolean logic gates.

2.3. Systematic Review

Despite the advantages of the scientometric analysis, it is still insufficient to provide a
comprehensive understanding of the bibliometric results. Therefore, a systematic review
can be deployed to organize the extracted articles based on a number of research themes.
As shown in Figure 3, we identified three broad research themes in the existing studies.
These included the impact of COVID-19 on freight transport, the mitigation strategies that
were adopted, and the ability to recover during and after COVID-19. At the early stage
of the pandemic, countries of the world proposed several measures to fight the spread of
infection, which in turn influenced freight transport systems in several ways, as reported
by researchers and governmental reports. We identified these studies and categorized
them under five main impacts. During the pandemic or what is now called the new norm,
maintaining food and medical supplies was dependent on creating robust freight trans-
port systems. To this end, practitioners paid great attention to risk mitigation programs,
researchers proposed novel mitigation strategies based on state-of-the-art technologies,
and additionally, some regulations on freight transport were relaxed in many countries.
Some of these mitigation strategies are expected to lead to rethinking the future of freight
transport in the post-pandemic era. We categorized these mitigation strategies into five,
which included (1) usage of autonomous delivery vehicles (ADVs), (2) drone delivery,
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(3) deployment of mobile warehouses, (4) engagement of large ships, and (5) application of
quantity discounts. In addition to adopting risk mitigation strategies, the evaluation of the
recoverability of freight transport systems was tackled through several measures, such as
system recovery rates, quality, demand recovery, and efficiency.

% Recovery
&
Post-COVID

Figure 3. Schematic diagram illustrating the 3-D matrix research themes, including impact, mitigation,

and recoverability.

3. Results and Discussion of the Scientometric Analysis

Table 1 summarizes the selected scientometric analysis performed in this study, in-
cluding keyword co-occurrence, co-authorship, and citation analysis. For each analysis, its
related criteria are fixed, as shown in Table 1. Based on the search output from the SCOPUS
database, the 57 documents that cover the research scope contain 604 keywords. To study
the most co-used keywords in these documents, a threshold criterion of three is applied
(i.e., the minimum occurrence of a keyword is set to three). Forty-two keywords meet the
threshold criterion, and all of them are connected. In analyzing co-authorship between
40 countries of the authors who have published on freight transport during COVID-19, two
thresholds are applied: one for the minimum number of documents (i.e., 2) per country
and another for the minimum citations (i.e., 0) of countries. Eighteen countries meet the
threshold criteria, and only fourteen of them are connected. In the following sub-sections,
the results of these analyses are discussed. Similarly, in the citation analysis of the sources,
36 sources meet the threshold criteria, but only 13 are connected.

Table 1. Summary of results of some selected scientometric analyses.

Analvsis Total Number Threshold Criteria Minimum Number of Number of (---) Meet Number of
y of (---) Occurrence Documents Citation the Threshold Connected (---)
Co-occurrence of
(keywords) 604 3 - - 42 42
Co—authorshlp between 40 _ 5 0 18 14
(countries)
Citation of (sources) 36 - 1 0 36 13

3.1. Keyword Analysis

Keyword analysis is used to generate the keywords mapping network shown in
Figure 4. The mapping network consists of nodes connected by lines. Keywords with
bigger nodes mean they are more frequently used than others with smaller nodes. Sim-
ilarly, a thicker connecting line between two keywords indicates the frequency of their
occurrence in multiple articles. Therefore, the keyword “COVID-19” is the most frequently
used. Meanwhile, it co-occurs most with the keywords “Airline industry”, “Maritime
trade”, “Transportation policy”, etc. This implies that most of the research in this domain
focuses on policies aimed at mitigating the impact of the COVID-19 pandemic on freight
transportation.
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Table 2 shows the top 15 keywords used in freight transport studies amid COVID-19,
while others are shown in the keyword mapping network in Figure 4. For instance, “drones”
can be regarded as one of the most important mitigation strategies, though further investi-
gations into their use are required. This is because of the legal differences to fly them in
different countries [26]. Additionally, COVID-19 can be deemed as one of the long-term
disruptions. For example, flight schedules are interrupted, borders are closed, and work
modes have changed. However, the word “optimization” is not used sufficiently to cope
with the disruption in the three modes of freight transport.

Table 2. Top used keywords.

Keyword Links Occurrences
1 COVID-19 38 52
2 Freight transport 20 14
3 Supply chains 8 10
4 China 25 9
5 Epidemic 19 8
6 Viral disease 26 8
7 Sustainability 10 8
8 Air transportation 15 6
9 Logistics 14 5
10 Ships 9 5
11 Transportation policy 15 5
12 Airline industry 9 4
13 Cargo 12 4
14 Human 15 4
15 Transportation system 9 4
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3.2. Co-Authorship Analysis

As COVID-19 has spread worldwide, it is interesting to see how different countries
cooperate in the research on freight transport. For this purpose, a co-authorship analysis is
conducted, as shown in Figure 5. Figure 5a shows that the highest co-authorship in terms
of the number of published research works is found in the cluster comprising China, Hong
Kong, and India. However, in Figure 5b, the cluster of the most cited authors includes
Canada and the United States. This means that there is no direct correspondence between
citation and number of publications.

(a)

united kingdom

(b)

Figure 5. Density visualization of the co-authorship between countries based on (a) total published
documents, and (b) number of citations.
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3.3. Source Citation Analysis

The number of citations of an article does not only reflect its impact but also affects
the impact of the publishing source. Thus, the analysis of citation is necessary to identify
the most impactful research works, sources, and authors [22]. However, Table 3 shows that
the journal sources with a high number of research articles do not necessarily publish high
impact research articles with high citation counts. For more detail, until the time of our
research (the last update of these scientometric data was on 11 December 2021), Sustainability
(Switzerland) and Science of Total Environment (SOTE) have received 39 and 37 citations,
respectively. However, these citation counts do not reflect the exact impact of these two
journals, because the number of documents published by Sustainability and SOTE are 10
and 1, respectively. This means that the average citation for Sustainability does not exceed
4 compared to 37 in SOTE. Moreover, normalization of citation counts is a metric that
can be used to eliminate the effect of time on source citation (i.e., the propensity that an
older document is more likely to get higher citations than a newer one). For example,
the average number of citations for Transportation Research Interdisciplinary Perspectives
(TRIP) is 30, while it is 79 for the International Journal of Advanced Manufacturing Technology
(IJAMT). However, the normalized citation of TRIP is 3.7687, which is almost three times
the normalized citation of IJAMT. To conclude, the most impactful journal within the period
under review is the Canadian Journal of Agricultural Economics, because it has the highest
average citations and the highest normalized citation.

Table 3. Top cited sources.

Source Documents Citations Normalized Citations Avg. Citations
1 Canadian Journal of Agricultural Economics 2 367 9.1039 183.5
5 Trar"lspor‘tatlon Research 3 90 3.7687 30
Interdisciplinary Perspectives
International Journal of Advanced

3 Manufacturing Technology ! 79 ! 79
4 Transport Policy 7 49 8.7427 7

5 Sustainability (Switzerland) 10 39 5.4223 3.9
6 Science of the Total Environment 1 37 6.6017 37
7 IEEE Engineering Management Review 1 30 0.7442 30
8 International Journal Qf L(?ngthS Research 1 20 0.4961 20

and Applications
9 Ocean and Coastal Management 1 10 1.7842 10

4. Results and Discussion of the Systematic Review
4.1. COVID-19-Related Impact

Our review shows that 36 out of the identified studies investigate different impacts
of COVID-19 on the freight transport industry. These 36 studies are carefully analyzed
to identify and group the different impacts of COVID-19 on freight transport. There are
five categories of these impacts, including impact on: (1) transport demand, (2) transport
capacity, (3) operational transport cost, (4) delivery performance, and (5) carbon emissions,
as shown in Table 4. It should be noted that a study may report more than one impact;
therefore, the sum of all entries under ‘studies per impact” is not necessarily 36. In the
following subsections, these 36 articles are classified and thoroughly analyzed based on the
reported impacts, transport mode, and research methodology.

Table 4. Categorization of different impacts of COVID-19 on freight transport.

Impacts of COVID-19 Studies per Impact References
Demand for freight transport services 24 [5-9,11,27-43]
Capacity shortage 10 [5,6,32,34,35,44-48]
Operating transport cost 13 [5-8,20,27,31,32,34,35,49-52]
Delivery performance 9 [8,9,32,47,48,53-55]
CO; emissions 4 [5,28,38,56]
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4.1.1. Impacts of COVID-19

e  Demand for freight transport services:

Twenty-four studies report the impact of the COVID pandemic on the demand for
different freight transport modes, i.e., air, maritime, rail, and road. Six studies examine the
impact of COVID-19 on the demand for seaports and waterways transport [6,7,9,37,39—43].
Tianming, Erokhin, Arskiy and Khudzhatov [9] show that the pandemic breaks the con-
nectivity among seaports in China, Norway, Iceland, Russia, South Korea, and Sweden.
In Australia, Munawar, Khan, Qadir, Kouzani and Mahmud [6] report that during the
initial stage of the pandemic, the demand for water freight transport declines by 9.5%.
Michail and Melas [7] indicate that the daily number of calls of dry bulk and clean tankers
in ports is highly affected by the pandemic, while the pandemic has no impact on the calls
for crude oil vessels. Narasimha, Jena and Majhi [37] confirm that the overall demand
for major Indian seaports declines by 4.59% for 2020 compared to 2019. A case study of
a maritime transport service provider shows that the transshipments of cargo decreases
by approximately 32%, whereas the urgent supplies of medical equipment increase [39].
Further, five studies examine the impact of the COVID-19 pandemic on the demand for
airfreight transport [5,6,34,36,38]. For example, in Australia, the demand for airfreight
transport decreases significantly from 84.8 million kilograms in January 2020 to 54.5 million
kilograms in April 2020 [6].

Nine studies examine the impact of the COVID-19 pandemic on the demand for road
freight transport [6,8,11,20,27-30,33]. For example, Arellana, Marquez and Cantillo [28]
show that freight trips in Colombia reduce by around 38% due to a low demand for non-
essential products. Due to the lockdown and travel restrictions, people shift from in-store
shopping to online shopping and demands for last-mile deliveries increase [6,8,11,27].
From January 2020 to June 2020, global retail platforms witness a 26.9% increase in online-
shopping orders [57]. In Europe, online shopping sales in April 2020 increase by 30%
compared to April 2019 [58]. Due to the panic buying behavior of people during the
pandemic and the sharp fall in oil prices, Ho, Xing, Wu and Lee [33] report a positive
correlation between road freight transport turnover and the number of confirmed cases
of COVID-19 in China. In Portugal, Cruz and Sarmento [30] state that during the peak
of COVID-19 in April 2020, the traffic volume of light commercial vehicles reduces by an
average of 44.5%, while the traffic of heavy trucks reduces by 24%. Bartuska and Masek [29]
conclude that the traffic volumes of trucks and trailers are not significantly affected on the
major roads of South Bohemia (Czech Republic). Borca, Putz and Hofbauer [20] investigate
road transportation in the USA at the beginning of the pandemic. They report that despite
an unprecedented 46% reduction in the traffic volume of private cars, freight traffic volume
reduces by a mere 13%. These values of commercial traffic volumes indicate that the
supply of essential products is not significantly disrupted, especially to supermarkets and
pharmacies during the pandemic. Additionally, this also implies that many companies,
even if closed, increase their inventories to be safe against future uncertainties and to start
production again once the lockdown ends. Although the previous studies focus on a single
freight mode, some studies investigate multiple freight modes. For example, Cui, He,
Liu, Zheng, Wei, Yang and Zhou [31] study the impacts of the COVID-19 pandemic on
China’s transport sectors. Their results show a reduction in the outputs of households and
production sectors; thus, there is a reduction in the demand for transportation in these
sectors. For example, aviation freight transportation reduces by 2.81%, while road freight
transportation, railway freight transportation, and waterway freight transportation are
down by 2.20%, 1.84%, and 1.04%, respectively. Gray [32] reports an increasing demand
in the agriculture sector for different transportation services, e.g., bulk ocean freight, rail
movement, and road trucks. Li, Bai, Hu, Yu and Yan [42] present equations to evaluate
the traffic variations of overall provincewide traffic and tested the hypotheses for traffic
recovery analysis. The results show that truck traffic dropped by 68.19% during the
outbreak and found that the higher the GDP per capita the region has, the more the traffic
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in the region was affected by the pandemic. It is also found that truck traffic had a rapid
recovery period compared to that of passenger traffic.

e  Capacity shortage

Ten studies report the impact of the COVID pandemic on the transport capacity of
the different freight transport modes. The imposed epidemic control requirements lead
to a shortage of transport capacity, e.g., driver shortage, belly-hold shortage in airfreight
transport, and shortage of empty containers. In April 2020, passenger flights decrease by
approximately 95% compared to the previous year [45]. Similarly, belly capacity for inter-
national air cargo drops by 75% in April 2020, compared to the previous year. Meanwhile,
at the peak of COVID-19, the demand for medical and personal protective equipment
significantly increases worldwide. On the other hand, air freight capacity is severely lim-
ited due to the shutdown of passenger flights [5,6,34,48] and the available cargo aircraft
cannot resolve the shortage in airfreight capacity. To resolve this, passenger aircraft are
granted exemptions from July 2020 to July 2021 to carry freight in the main cabin when no
passengers are being carried [59].

Workforce capacity of the transport sector has also been shown to be vulnerable to
shortage because of mobility restrictions and sickness [45]. For instance, truck drivers
cannot access many toilets at rest areas since they are closed. Therefore, mobile toilets
are provided for truck drivers in Canada [32]. In China, the beginning of the pandemic
coincides with the holiday season, when most logistics laborers have travelled to their
hometowns. Subsequent restrictions on people’s mobility result in a severe workforce
shortage in the logistics industry [35]. On the bright side, quarantine obligations lead to
the high availability of some categories of the workforce, e.g., truck drivers, in freight trans-
portation [46]. For example, most truck drivers working in Western European countries,
e.g., France, Denmark, and Germany, are from Eastern European countries, e.g., Poland
and Romania. To avoid workforce shortages during the holiday periods, logistic companies
request their drivers to postpone their holidays to avoid the mandatory 14-day quarantine.

Containerized trade represents 90% of the global trade volume. Therefore, containers
are essential resources to transport different products between countries. In the container
supply chain, containers are frequently returned empty to the exporting country. The
COVID-19-related shutdown of many production facilities worldwide and the subsequent
reduction in demand result in a shortage of empty containers [47]. Some food products,
transported in containers, are delayed due to lack of empty containers in North America [32].
In addition, shortage of truck drivers, stringent inspection protocols, and requirement for
quarantine delay the delivery of maritime freight [48]. Compared to sea and road transport,
rail transport is less labor-intensive since the rail transport sector relies on a small size
of very specialized crews to operate large trains. However, rail transport may have been
impacted by COVID-19 if a significant proportion of the very specialized workforce is
infected [32].

e  Operating cost and prices of transport services

Thirteen studies report the impact of the COVID-19 pandemic on the operating costs
of freight vehicles. The reviewed literature identifies three reasons responsible for the
increase in operating costs of the logistics industry in China. Firstly, restriction on people’s
mobility cause a shortage in workforce capacity, leading to higher labor costs and freight
rates [5,32,35,49]. Secondly, long-term infection prevention, e.g., disinfecting parcels and
contactless delivery facilities, attract extra cost [31,34,35]. Thirdly, uncertainties in labor
availability, traffic restrictions, and status of pandemic outbreaks incur extra costs in
planning transportation routes [7,27,35]. Gray [32] reports that COVID-19 prevention and
protective measures (e.g., multiple drivers are prevented from using the same truck) have
led to increased transport costs of agricultural products in Canada. To support companies
in applying such measures, Canadian transport authorities increase the maximum hours of
service for drivers [60]. Some logistics enterprises adopt new modes of logistics services
to fight the COVID-19 pandemic through the use of contactless delivery. This has also
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increased their operating costs, since contactless delivery needs extra investment cost in
contactless facilities [8]. Michail and Melas [7] show that an increase of 1% in the global
COVID-19 infection cases decrease the freight rates of Baltic dry and dirty Tankers by
0.03% and 0.046%, respectively. Bartle, Lutte and Leuenberger [5] report that the airfreight
rates increase during the pandemic due to limited air cargo capacity. For example, in
June 2020, the airfreight rates from China to Europe are 254% higher than those of June
2019 [50]. By using a multi-sectoral computable general equilibrium model of China, Cui,
He, Liu, Zheng, Wei, Yang and Zhou [31] estimate that the cost of protective measures (e.g.,
disinfection, quarantine, and parking inspection) lead to a 1.5% reduction in the production
efficiency of the freight transport sector. Grzelakowski [52] found that during the first
months of 2020, the global maritime shipping sector, and specifically container transport,
was affected by the lockdown and the resulting congestion in port terminals because of
the inability of carriers to pick up freight from seaports and, thus, cargo ships became
floating warehouses. In the middle of the third quarter of 2020, the supply chains become
more stabilized, the demand on freight transport increased and, consequently, the spot
freight rates also increased significantly. This was apparent in container shipping at the Far
East-USA trade lane, as well as the routes towards South America or West Africa and the
Middle East-Western Europe trade lanes.

On the bright side, COVID-19-related restrictions have led to a reduction in fuel
prices. On 20 April 20 2020, the price of West Texas Intermediate crude oil dropped by
42.5% [61]. Fuel price accounts for approximately 15 to 20% of the total operating cost of
the transport industry. The IATA reports that in July 2020, fuel prices are 45% lower than
the price during the same period in 2019, resulting in a saving of nearly USD 70 billion for
the airline industry [51]. Regardless of the drop in oil prices, travel restrictions and low
demand for transport services result in a marginal profit for freight transport providers [6].
Some countries adopt policies, e.g., tax reduction, to reduce the operating costs of logistics
companies. For example, China exempted logistics enterprises from vehicle tolls and
value-added taxes on income due to delivering essential living supplies [8].

e  Delivery performance

Nine studies report the impact of the COVID pandemic on the delivery performance
of different freight transport modes. COVID-related restrictions exert the most impact on
the delivery performance of maritime and air transport sectors. This is because these two
sectors apply some quarantine virus containment measures to shipments, vessels, and crew.
Several importing countries impose a 14-day quarantine for containers upon arrival at the
port, resulting in a lengthy cycle times of containers [32]. In addition, COVID-19-related
shortage of transport capacities, e.g., workforce, vehicle capacity, and empty containers,
increase the delay in freight delivery [47,48]. Koyuncu, Tavacioglu, Gokmen and Ari-
can [54] suggest that the COVID-related restrictions on production and trade may break the
interconnected supply chain; thereby, serious losses might be faced in some container lines.

Due to restricting people’s mobility, several cities worldwide witness reduced road
traffic. Therefore, some studies report positive effects on road freight transport, such as
fewer traffic jams, increased efficiency, and fewer emissions [20]. For example, until the
so-called “new normal” (11/05/2020), road traffic drops, on average, down to 76.28% in
Madrid [27], 73% in UK [62], Sanpaolo (—55%), New York (—74%), Milan (—74%), Barcelona
(—73%), Stockholm (—48%) [40]. The reduced road traffic causes delivery times to be much
shorter [6]. Since the pandemic reduces demand for all nonessential products, access of
essential products to seaports, rails, and trucks has generally improved [32]. However,
finding truck parking is more difficult, especially for a large fleet [53]. This is because most
employees are working from home and their private cars are occupying the parking slots
in the streets. During the pandemic, many shops, e.g., pharmacies, grocery stores, and
bakeries, start pickup and home delivery options in an attempt to stay in business. Thus,
the efficiency and quality of last-mile logistics services are impaired [8,55].
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° Emissions

Four studies report the impact of COVID-19 on the emissions from different freight
transport modes. The COVID-19 pandemic creates an opportunity for achieving some
temporary sustainability gains in the transport sector. This is mainly due to the reduction
in carbon emissions, mainly because of mobility restrictions. However, this might be offset
by increasing demand for cargo transport [5]. Few studies report the reduction in CO,
emissions from freight transport during the pandemic [5,28,38,56]. In China, COVID-19
significantly reduces industrial and transport activities, resulting in lower CO; emissions.
During the first quarter of 2020, freight transport has a 22.3% reduction in CO, emis-
sions, while passenger transport is 59.1% compared with the same period of 2019 [56]. In
Columbia, mobility restrictions have created positive side effects regarding externalities
of transport, such as less traffic safety issues, noise, and pollution [28]. In Croatia, some
airports have an average reduction of 96% in flights in April 2020 compared to April 2019.
This directly affects the reduction in CO; emissions by a factor of 1.81 for the commercial
airport and 3.49 for the seasonal airport [38].

4.1.2. Transport Mode

Table 5 classifies the 32 studies based on transport mode. Table 5 shows the studies
that investigate the COVID-related impacts on only one individual transport mode, i.e.,
road (10 studies), air (7 studies), and seaport (9 studies). In addition, three studies address
the impacts on two or more transport modes, while six studies discuss the impacts on the
four modes or from a general perspective without focusing on a specific transport mode.
It can be noted from Table 5 that road freight transport is the most studied mode, while
rail freight transport is rarely studied. This may be because road freight transport is the
dominant transport mode in most countries compared to other freight transport modes.

Table 5. Classification of COVID-19-related impact studies based on transport mode.

Number of Studies per

Transport Mode (s) Transport Mode (s) References
Road 10 [11,27,29,30,35,41-43,46,56]
Air 5 [5,6,34,36,38]
Seaport 8 [7,9,33,37,39,40,52,54]
Air and road 1 [28]
Road and rail 1 [45]
Road, sea, and rail 1 [20]
All modes (General) 6 [31,32,44,48,49,55]

4.1.3. Research Methods

Regarding the research methods, the identified literature employs different methods to
study the COVID-related impacts. These methods are grouped into four method categories:
(1) empirical, (2) quantitative, (3) literature review, and (4) mixed methods. In addition,
each method category includes a number of specific methods, as shown in Table 6. The most
frequently used method category is the quantitative method (secondary data analysis and
regression, forecasting, and mathematical models), followed by empirical methods (case
studies, questionnaires, and interviews). Only one study conducts a systematic literature
review on the types of crises that affect Europe in the previous 20 years [20]. Some studies
employ mixed methods by merging two different methods to improve and validate the
overall results [37,48]. For example, Narasimha, Jena and Majhi [37] demonstrate the
negative impact of COVID-19 on four Indian seaports using sets of secondary data, i.e.,
cargo transshipment data of the year 2020. To obtain more insights into the results, they
collect the opinions of some experts on the results.
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Table 6. Classification of studies on the impact of COVID-19 based on research method.

Main Method Category ﬂgimnﬁgﬁﬁosélg;; sggi; Specific Method Il)\i;lg\;j:crigf: i/}g?}:gfi References
Case studies 3 [30,34,44]
Empirical methods 8 Questionnaires
and interviews 5 [32,35/44,49,53]
[5,6,27—
Secondary data analysis 15 29,38,40,41,43,45,47,50—
Quantitative methods 21 Regression models 4 [7—é,33]
Forecasting models 3 [36,39,54]
Analytical models 4 [11,31,42,55]
Literature review methods 1 Systematic review 1 [20]
Questionnaires and second
- 1 [37]
Mixed methods 2 data analysis
Review and second 1 48]

data analysis

4.1.4. Research Gaps and Trends for Future Research

Reviewing the 36 studies shows a variety of interesting paths for future research

as follows:

Since most reviewed studies focus on the peak period of the COVID-19 pandemic
(January-June 2020), more research is needed to analyze the impacts of COVID-19
on each transport mode, starting from the beginning of the so-called “new norm”
(July 2020). This will identify the strengths and weaknesses of each transport mode
under the different “new norm” policies adopted to reopen society. It is also of great
importance to qualify the analysis with some statistics showing how different “new
norm” policies affect the KPIs of the individual transport modes. This will support
policymakers and practitioners in learning from past events and in formulating better
policies for unexpected future pandemics.

There is a lack of studies investigating the impacts of COVID-19 on freight transport
in developing countries. Therefore, further research may evaluate the impacts of
COVID-19 on freight transport in developing countries and compare them with those
in developed countries. Additionally, it may be relevant to compare different control
measures implemented by these countries and to assess the impacts of these measures
on the performances of freight transport.

Many studies report severe pressure exerted by the pandemic on city logistics [6,8,11,27].
Therefore, future research may examine the resilience of specific city logistics initiatives,
e.g., smart lockers, collection points, etc., during the early and “new norm” periods
of the pandemic, where new buying habits of consumers emerge and will need more
resilient and efficient urban logistics. This will help policymakers and practitioners
in defining better initiatives and relaxing resisting regulations for possibly occurring
waves of the pandemic.

Some studies propose prediction models for evaluating the impacts of COVID-19 on
freight transport performances during 2020 [36,39,54]. Future research may extend
these studies by comparing the predicted results with the actual results. Furthermore,
it is relevant to develop a better understanding of the main factors that may lead to any
deviations between both results. This is expected to guide researchers in developing
more robust prediction models for future unexpected pandemics.

Most studies evaluate the economic impact of the pandemic on freight transport while
very few studies study the social and environmental impacts [5,28,38,56]. Therefore,
future research may be directed at measuring the social and environmental impacts
of the pandemic on individual freight transport modes in general, and urban freight
deliveries in particular. Furthermore, existing studies use only traffic data in estimating
the carbon emissions from freight transport during the pandemic. Hence, future
research may give a complete picture by calculating the reduction in CO, emissions
concerned with the utilization of different transport facilities and infrastructure.
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e  Most studies provide pieces of evidence of the impacts of COVID-19 based on data
analysis from a macro perspective [5,6,27-29,38,45,56]. Therefore, future research
may adopt various methods based on empirical data analysis from a micro perspec-
tive to develop more managerial insights by answering several questions of interest,
for example:

1.  What are the short- and long-term impacts of the pandemic on different KPIs of
logistics companies?

2. What are the causal relationships among the various impacts of the COVID-19 pandemic?

3.  How do the impacts of the COVID-19 pandemic vary among logistics companies
handling different freight or serving different industrial sectors?

4. How can logistics companies deal with the pandemic and to what extent do support
policies from the governments help them to alleviate the impact of COVID-19?

e  Further avenues for future research may address developing simulation models to
evaluate the long-term effects of different pandemic control policies on freight trans-
port modes. This can have a significant value for policymakers, since the pandemic is
still ongoing and will probably have multiple waves caused by new virus variants. In
developing models, researchers can greatly benefit from the findings of the literature
on the early stage of the pandemic.

4.2. COVID-19-Related Mitigation Strategies

In response to the current pandemic, some studies propose various mitigation strate-
gies to minimize the impact of COVID-19 on the different modes of freight transport.
By accurately investigating existing literature, we notice a limited number of studies,
around 20 studies, discussing mitigation strategies. These strategies include (1) usage
of autonomous delivery vehicles (ADVs), (2) deployment of drone delivery, (3) relax-
ing existing regulations, (4) utilization of mobile warehouses, (5) engagement of large
ships, (6) applying quantity discounts, (7) capacity augmentation, and (8) mixed strategies.
Table 7 summarizes the mitigation strategies discussed in the literature, and the impacts to
be mitigated. As in the previous section, the studies identified here are classified accord-
ing to the mitigation strategy, transport mode, and the research methodology. In the last
subsection, the research gaps, along with future research directions, are elaborated.

Table 7. Mitigation strategies for minimizing the impact of COVID-19.

COVID-19-Related Mitigation

Strategies Impact to Be Mitigated Studies per Strategy References
Usage of autonomous delivery vehicles Driver capacity shortage, emissions 6 [10,63-67]
Deployment of drone delivery Driver capacity shorta.ge{ delivery 5 [68-72]
performance, emissions
Relaxing existing regulations Capacity shortage and operating cost 3 [8,59,60]
Utilization of mobile warehouses Delivery performance 1 [11]
Engagement of large ships Container capacity shortage 1 [73]
Application of quantity discounts Demand for freight transport service 1 [74]
. . Driver capacity shortage,
Capacity augmentation delivery performarce 2 [75,76]
Mixed strategies Driver capacity shortage, delivery 1 [77]

performance, emissions

4.2.1. Mitigation Strategies

e  Usage of autonomous delivery vehicles (ADVs):
ADVs are self-driving electric ground vehicles that travel at a restricted speed, around
5-10 km/h on roadways or sidewalks. Using ADVs as a mitigation strategy can reduce

the impact of driver capacity shortage, as ADVs are self-driving vehicles, and enhance
the positive impact of emission reduction, as ADVs move at a low speed releasing a
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small amount of CO,. There are six studies that focus on ADVs as a mitigation strategy
on road freight transport. Kapser, Abdelrahman and Bernecker [63] investigate user
acceptance of ADVs during COVID-19 through the acceptance unified theory. This study
is conducted based on real data collected from Germany using online questionnaires.
Findings reveal that the user acceptance rate is slightly low, due to a high shipment cost
resulting from the expensive technology used in ADVs. Similar to Kapser, Abdelrahman
and Bernecker [63], Pani, Mishra, Golias and Figliozzi [67] study the public acceptance of
ADVs, but in Portland, USA. Based on a sample of 483 consumers, results indicate that the
majority of US consumers, around 61.28%, are willing to pay extra to receive their goods
using ADVs. Chen, Demir, Huang and Qiu [10] discuss the idea of food delivery using a
traditional vehicle along with robots to serve customers in the last miles. This study shows
the efficiency of using these robots in minimizing the contact between the customers and
drivers. Besides delivering food products, as shown in the previous studies, Ozkan and
Atli [66] present the usage of ADVs in transporting PCR testing samples between hospitals
and laboratories. To this end, a mathematical model is presented as a mixed-integer linear
programming model (MILP), considering the payload of the ADVs. Using a real case
in Istanbul, including 219 hospitals and 23 laboratories, the proposed model shows its
efficiency in transporting around 25,000 samples.

Although some studies focus on the usage of ADVs to mitigate the impact of driver
shortage capacity, other studies evaluated the usage of ADVs to mitigate the impact of
gas emission of traditional vehicles. Li, He, Keoleian, Kim, De Kleine, Wallington and
Kemp [64] study the greenhouse gas emission of automated vehicles (last mile) assisted
with robots (last 50 feet) used for last-mile delivery. Their results show the outperformance
of the automated vehicles with robots over the traditional option (traditional vehicle with
human for final delivery) in minimizing the gas emissions.

ADVs are also technically discussed, especially the hardware design. Liu, Liao, Gan,
Ma, Cheng, Xie, Wang, Chen, Zhu, Zhang, Chen, Liu, Xie, Yu, Guo, Li, Yuan, Han, Chen,
Ye, Jiao, Yun, Xu, Wang, Huang, Wang, Cai, Sun, Liu, Wang and Liu [65] assess the design
of the hardware of ADVs, particularly the chassis and autonomous driving-related devices.
Based on a real case study containing 25 ADVs, these ADVs are successful to run a total
distance of 2500 km, satisfying 676 delivery tasks.

e  Deployment of drone delivery

Technically, drones are teleoperated flying machines that do not need continual opera-
tor control. In real practice, drones often fly using batteries, which help in carrying goods.
These features have attracted the attention of some companies such as UPS and AMAZON
to use drones for delivery [78]. This inspires the usage of drones as a mitigation strategy
to reduce the impact of driver capacity shortage, improve the impact of delivery perfor-
mance, as drones are fast transport means, and enhance the positive impact of emission
reduction, as drones do not emit CO,. Four studies in the literature report the usage of
drone delivery as an alternative to road freight transport. Kunovjanek and Wankmiiller [69]
study the viability of using existing drone infrastructure to deliver COVID-19 viral test to
infected people in Australia. This study reveals the viability of using the drone in terms
of time and financial measures. However, transport policy needs to be relaxed to permit
widespread usage of this service. It is somewhat challenging to establish a legal framework
for this service. Alsamhi, Lee, Guizani, Kumar, Qiao and Liu [68] introduce a conceptual
framework of integrating blockchain with drone delivery. With the help of a consensus
algorithm, the blockchain is fruitful in easing the collaboration among multi-drones by
sharing the delivery information among them. Thus, the delivery time is reduced, resulting
in an improvement in delivery service. Yakushiji, Fujita, Murata, Hiroi, Hamabe and
Yakushiji [71] assess the usage of drones to transport medical supplies in Japan during
traffic blockages. Similarly, Quintanilla Garcia, Vera Vélez, Alcaraz Martinez, Vidal Ull
and Fernandez Gallo [70] investigate the efficiency of using drones as extra support for
healthcare logistics in Valencia, Spain. These studies indicate a successful application of
drones in transporting medical goods without needing a dedicated infrastructure. Bathke,
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C, x00Fc, nch, Gracht and Hartmann [72] assess some resilience strategies in the domain of
maritime container shipping with the help of 51 maritime experts. The results indicate that
picking the low-hanging fruit requires the deployment of drones to improve resilience in
the maritime container shipping domain.

e  Relaxing existing regulations

COVID-19 prevention and protective measures (e.g., multiple drivers are prevented
from using the same truck) increased transport costs. Some countries, such as Canada,
increased the maximum hours of service for drivers [60]. In response to air freight capacity
shortages, passenger aircraft are granted exemptions from July 2020 to July 2021 to carry
freight in the main cabin when no passengers are being carried [59]. To reduce the operating
costs of logistics companies, some companies, e.g., in China, exempt logistics enterprises
from vehicle tolls and value-added taxes on income due to delivering essential living
supplies [8]. The European Union relaxed some rules of the competition law to allow
competing companies to cooperate, which might help them overcome capacity shortages
or better respond to disrupted supply channels [79].

e  Utilization of mobile warehouse

The mobile warehouse is simply a truck that covers a specific geographical location,
carrying an inventory of some products to be sold to the customers according to the demand
of these products. Utilization of the mobile warehouse as a mitigation strategy mitigates
the impact of delivery performance as the mobile warehouse reaches near the customers’
locations. This strategy has not received much attention from researchers, with a single
study reported in road freight transport. Srivatsa Srinivas and Marathe [11] are among the
first to propose the utilization of mobile warehouses during COVID-19. Using such means
can aid B2C e-commerce, which can minimize store congestion during COVID-19.

e  Usage of large ships

The main rationale of using this strategy is to satisfy the high demand for goods with
a fewer number of ship trips, limiting human movement, and, therefore, control the spread
of COVID-19. In addition, using large ships as a mitigation strategy can reduce the impact
of container capacity shortage, as using large ships can fix the problem of returning empty
containers to the importing companies. This strategy is discussed in the study by Pasha,
Dulebenets, Fathollahi-Fard, Tian, Lau, Singh and Liang [73], who develop a mathematical
model to determine the service frequency and ship sailing speed and schedules. By using
10 real cases, the proposed strategy demonstrates its efficiency in satisfying food demand
while improving the total turnaround profit by approximately 22.94%.

e  Application of quantity discount

Due to COVID-19, cargo demand in some routes is disrupted (e.g., demand in some
routes exceeds the capacity of the aircraft (hot selling), whereas the demand in other
routes is not sufficient to fill the aircraft capacity (underutilized)). This disruption results
in a problem, called demand imbalance, or demand shortage for air freight transport.
Shaban, Chan and Chung [74] propose a game-theoretic model to make a balance between
the hot-selling and underutilized routes. The balance can be achieved by applying a
quantity discount in the underutilized routes to attract some demand from hot-selling
routes, ultimately leading to fixing the imbalance. To summarize, using this strategy can
help to mitigate the impact of demand shortage for air freight transport.

e Capacity augmentation

The main concept of this strategy is that, instead of reserving the normal capacity
of the product, the logistics facilities temporarily increase their reserved capacity. This
extra reserved capacity will help face disruptions that happen during COVID-19. Aloui,
Hamani and Delahoche [75] study this strategy by proposing a two-stage stochastic mixed-
integer programming model that helps make some decisions related to location-allocation,
inventory, and routing planning. Schofer, Mahmassani and Ng [76] conduct in-depth
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interviews with Rail Intermodal Freight leaders to figure out how to efficiently enhance the
resilience of the U.S. rail industry. The results of these interviews reveal the importance of
capacity augmentation in improving the overall freight system performance.

e  Mixed strategies

In the previous sub-sections, all the studies focus on applying a single strategy. How-
ever, some studies focus on studying more than one strategy. Simi¢, Lazarevi¢ and Do-
brodolac [77] apply a fuzzy method to select the best transportation means among drones,
ADVs, cargo bicycles, and Postmates for the last-mile delivery during COVID-19. By pre-
senting a real case in Belgrade, results indicate that “postmates” is the best mode, followed
by drones and ADVs.

4.2.2. Transport Mode and Research Methods

In this subsection, we classify the studies on mitigation strategies based on transport
modes. Table 8 indicates that “road” has been extensively investigated by scholars in
14 studies. On the contrary, “air” and “seaport” modes are barely discussed in the literature,
as they only appear in four studies. The road is the most commonly used mode of transport
worldwide. Therefore, it is frequently investigated, which is also observed in the COVID-19
impact studies.

Table 8. Classification of COVID-19-related strategies studies based on transport mode.

Number of Studies per

Transport Mode (s) Transport Mode (s) References
Road 14 [8,10,11,60,63-71,75-77]
Air 2 [59,74]
Seaport and waterways 2 [72,73]

The research methods used in the studies of mitigation strategies are also reviewed.
For this purpose, these studies are divided into two categories: empirical and quantitative,
such that each category is further sub-categorized to other methods, as shown in Table 9.

Table 9. Classification of studies on COVID-19-related strategies based on research method.

. Number of Studies per o Number of Studies per
Main Method Category Main Method Category Specific Method Specific Method References
i Case studies 4 [59,64,70,71]
Empirical methods 10 Questionnaires and interviews 6 [8,60,63,67,72,76]
Optimization 5 [10,65,66,68,73]
Simulation optimization 2 [69,75]

Quantitative methods 10 Analytical model 1 [11]

Fuzzy method 1 [77]

Game theory 1 [74]

Table 9 reveals that both the quantitative method and empirical methods are equally
used research methods, each one appearing in ten of the 20 studies. Indeed, for quantitative
methods, five articles focus on optimization methods using different approaches such as
two-stage meta-heuristics algorithm [10], CPLEX [66], deep-learning-based algorithms [65],
and recursive route re-composition heuristic [73]. The remaining quantitative methods,
including simulation optimization, analytical model, fuzzy method, and game theory, are
explored in the rest of studies.

Empirical methods are discussed in 10 out of 17 articles. In particular, four studies
use the case studies method. For instance, Li, He, Keoleian, Kim, De Kleine, Wallington
and Kemp [64] present a case study to assess greenhouse gas emissions of automated
vehicles. In addition, Yakushiji et al. [10] assess a real case study on flying drones to
transport medical supplies. The other six studies rely on questionnaires and interviews to
investigate user acceptance of ADVs [63,67] and assess the technologies that help increase
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resilience efficiency at maritime container shipping companies [72]. The limited number
of empirical studies indicates that scholars are still faced with the challenges of acquiring
and investigating real data. However, the existing empirical studies help to understand
the attitudes of people towards the usage of new transportation tools such as ADVs and
drones [63,67,71].

4.2.3. Research Gaps and Trends for Future Research Directions

After investigating the 20 articles, which focus on the mitigation strategies, some

research gaps along with future research directions are identified as follows:

There is a low user acceptance of ADVs in Germany [63]. Indeed, ADVs are still
immature; therefore, the results presented in these studies are largely premature. Ac-
cordingly, more research is required to check the user acceptance of ADVs after the
maturation phase. In addition, limited factors, such as age, gender, and citizen income,
are considered in evaluating the user acceptance of ADVs [63]. To generalize these find-
ings, more factors, such as delivery distance and time, need to be investigated. Besides
Germany, user acceptance of ADVs has only been evaluated in Portland, USA [67].
The investigation is limited to a metropolitan area with small data size, restricting the
knowledge of public acceptance of ADVs. In this connection, considering multiple
US states with larger data set is imperative to test the public acceptance of ADVs. In
addition, making the comparison between ADVs and drones is suggested to see the
advantages and disadvantages of each transportation means.

Robots have been shown to help in minimizing the contact between customers and
drivers of traditional vehicles [10]. Here, the only drawback may include overlooking
some features of the robots, such as energy consumption and operational cost, which
are likely to limit a large-scale deployment of robots. Accordingly, these features
should be incorporated in future research to arrive at a better assessment of the
applicability of robots.

Utilization of ADVs with robots is also asserted to minimize greenhouse gas emis-
sions [64]. However, some considerations which are known to affect gas emissions,
such as traffic and weather conditions, should be incorporated into future studies to
accurately determine greenhouse gas emissions.

The viability of using existing drone infrastructure, based on time and cost measures,
has been verified in Australia [69]. However, many factors, such as legal visibility and
opinion of policymakers, have not been considered. For a better verification process,
these factors should be investigated in future research.

Although drones have been used to transport medical supplies in Japan during traffic
blockages, it has only been during favorable weather conditions, such as low wind
speed and no rain [71]. Therefore, it is imperative to investigate the usage of drones in
different weather conditions to further evaluate their applicability.

Similarly, drones can successfully transport medical goods without the need of spe-
cialized infrastructure in Spain [70]. However, this application is accomplished only
on a small scale. To enable a large-scale deployment, more investigation is needed.
The deployment of mobile warehouses has been evaluated by Srivatsa Srinivas and
Marathe [11]. Indeed, this study lacks an accurate estimation of product demand. For
this purpose, we suggest using data analytic techniques to accurately estimate the
product demand. In addition, this study overlooks the dynamic routing and park-
ing optimization of the mobile warehouse. Therefore, investigating this overlooked
optimization problem during COVID-19 could be another research direction.

The deployment of large ships is efficient in satisfying food demand [73]. The main
pitfalls of the study include ignoring fluctuations in demand, sea weather conditions,
and sailing time of ships, that are typically experienced in real practice. In this con-
nection, it is suggested to develop a stochastic model while considering all uncertain
factors to accurately capture this reality.
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e Applying quantity discounts appears in the study by Shaban, Chan and Chung [74]
while considering deterministic demand. Since demand usually fluctuates, it will be
more reliable to consider the stochastic demand while investigating quantity discounts.
The planning horizon of the study is quite limited, around one month, which limits
the generalization of the gained results. To avoid this situation, it is recommended to
study a longer planning horizon (i.e., one year).

e  Most studies have presented mitigation strategies for “road” mode, overlooking air
and sea modes. Accordingly, more research is required to develop different mitigation
strategies for air and sea modes.

4.3. Recoverability Measures Related to COVID-19

As stated earlier, the COVID-19 outbreak has had a great impact on freight transport.
Therefore, a research stream has studied and evaluated this impact. Then, another search
stream has studied measures aimed at counteracting the impact of COVID-19. So, several
strategies and policies have been developed to mitigate these impacts. In addition, it
is necessary to study the ability of freight transport to recover from the disruption of
COVID-19. In this regard, this section summarizes the literature which have studied the
measures of recovery of freight transport, during or after COVID-19. Although this stream
is still limited and needs further work, there are 15 articles in the existing literature that
have assessed various recovery measures using several research methodologies.

4.3.1. Recovery Measures

Few studies tackle the ability to recover in freight transport. However, they adopt
different measures of recovery for freight transport, as shown in Table 10. These measures
include quality, efficiency, sustainability, capacity, and rate of recovery. The quality as a
recovery measure is investigated by Gnap, et al. [80], who consider the quality of trans-
portation infrastructure as fundamental to strengthening the recovery of road traffic and
high-speed trains after COVID-19. Likewise, Tardivo, et al. [81] conclude that the quality
of the management system is the most important measure for recovery. However, both
studies have not given numerical recovery solutions which can be used in the future to
judge the resilience of freight transport. van Tatenhove [82] and Munawar, Khan, Qadir,
Kouzani and Mahmud [6] adopt the efficiency measure to study the recovery of freight
transport in Europe and Australia. Moreover, sustainability measures are used to study the
recoverability of freight transport during COVID-19. Guo, et al. [83] adopt performance
measurement techniques to study the recoverability of the aviation industry. Four studies
have used at least one sustainability aspect. For example, the socioeconomic aspects are
used to study the long-term impact and government role to contribute to the recovery
from COVID-19 [84]. Additionally, the economic and environmental aspects are adopted
to evaluate the recovery of road transport after the usage of plug-in electric vehicles [85].
Bartle, Lutte and Leuenberger [5] and Akyurek and Bolat [86] add the social measure to
economic and environmental aspects to study the recovery in air transport. However, very
limited research has tackled the capacity and the recovery rates as measures of recovery.
Notteboom, et al. [87] study the adaptive capacity of container shipping lines. The authors
compare the capacity of the sea shipping transportation to recover in the era of COVID-19
with the capacity used to recover during the economic crisis of 2008 to 2009. They claim that
sea shipping is stable during COVID-19 because the shipping liners adjust their fleets when
demand drops. Gudmundsson, et al. [88] and Cheong, et al. [89] evaluate the recovery rates
of the air transportation profits and demand, respectively. However, using only one single
measure to study the recovery is not enough to address the recoverability of any industry.
A generic study used an integrated grey decision-making trial to rank the recovery-based
sustainability measures for the freight industry regardless of transportation modes
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Table 10. Summary of recovery measures.

Recovery Measure Study per Measure References
Quality 2 [80,81]
Efficiency 3 [6,82,90]
Performance 1 [83]
Sustainability 5 [5,84-86,91]
Capacity 2 [87,90,92]
Recovery rate 3 [88-90]

4.3.2. Research Methods and Transport Modes

This subsection discusses the research methods which have been used to study the
recoverability of different transportation modes amid COVID-19. As shown in Table 11,
11 studies have adopted several research methods to explore the recoverability of different
transport modes for freight transport. Although the number of articles is very limited on
this topic, several methods, including empirical, quantitative, and mixed methods, have
been used. For example, three empirical methods are adopted: one to create a framework
for the future of a freight transport mode [5], one used a scenario-based approach [82],
and another one used index-based evaluation techniques to measure the resilience of
transportation mode(s) [90]. As for the quantitative methods, comparative analysis [86],
forecasting the recovery of demand [88,92] and profit [89], have also been evaluated. The
rest of the studies use mixed methods, such as simple data acquisition and experts’ opinions,
to assess the current status and comment on the possibility of recovery [84,87]. Nevertheless,
data acquisition is not the only mixed method used; the analytical hierarchy process has
also been used to integrate the economic and environmental criteria to evaluate public
transportation systems [5,85].

Table 11. Classification of research methods based on the transportation mode.

Number of Studies Transportation Mode
Main Method Category per Main Specific Method Road Seaports . References
Method Category and Railways  and Waterways Air
Framework study v [5]
Empirical methods 3 Scenario-based research v [82]
Index-based evaluation v [90]
o Forecasting v v v [88,89,92]
Quantitative methods 5 Comparative analysis v v v [86,91]
AHP multi-criteria
Mixed method: 3 decision making v v [83,85]
xed methods Correlation analysis v [80]
Data acquisition v v v [5,6,81,84,87]

On the focus of transport modes, Table 11 shows that all the transport modes are
almost equally studied, as each transport mode is studied by around three to four studies.
This observation is contrary to the observation noticed in the impact and mitigation parts.

4.3.3. Research Gaps and Trends for Future Research

Although the COVID-19 pandemic has caused severe disruptions to the freight trans-
port sector, the number of articles does not reflect the criticality of these disruptions.
Additionally, the 11 studies examined here can be considered as an initial step towards
the recoverability of freight transport, and some future directions can be recommended
as follows:

Although there is no numerical evidence that the air transport mode is the most
affected amongst the other modes, lockdown of international borders has significantly
affected air transport. Most of the studies have focused on the amount of impact, but not
many studies tackled the ways to recover after the lockdown. Therefore, more future work
is still needed to enhance the recoverability of the air freight transport mode, not only for
the post-COVID era but also for any unexpected long-term disruptions.
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The continuous mutation of COVID-19 causes huge disruption in freight transport
domestically and internationally. Therefore, further studies are suggested to study the
recoverability of freight transportation and the way to improve the resilience of each mode
is a great challenge to be considered.

Despite the fact that the existing studies have suggested different measures for recov-
ery, a recovery index that uses multiple measures is required to evaluate the recoverability
of freight transport. The recovery index may be developed either by freight transport
modes in total or for each mode separately.

5. Conclusions

The existing review studies lacked a detailed analysis regarding freight transport
during COVID-19. Therefore, this study contributed by conducting a comprehensive
review in the domain of freight transport to identify some research gaps and propose future
research directions. To do so, 68 studies were collected and analyzed using scientometric
and systematic review approaches.

The scientometric analysis revealed that: (1) the combination of China, Hong Kong,
and India published the highest number of papers on freight transport during COVID-19,
whereas authors from Canada and the United States had the highest citations worldwide;
(2) Sustainability (Switzerland) and Science of Total Environment were the top-cited journals,
while the Canadian Journal of Agricultural Economics was the most influential journal in
this research area. Lastly, the analysis of the keywords showed that “COVID-19”, and
“Freight transport” appeared frequently, reflecting the focus of researchers on these areas.
Meanwhile, some keywords such as “Airline industry” and “Cargo” were rarely used,
indicating the need for future research in these areas. The systematic review was carried
out by categorizing the studies into three main themes, including impact-related studies,
mitigation strategy-related studies, recoverability-related studies. The results reveal that
the most studied theme was related to the impacts of COVID-19, followed by mitigation
strategies, and then recoverability. Each theme was discussed alongside types and different
transportation modes (i.e., road, air, and sea) and solution methods adopted.

Our review showed that 36 studies reported several impacts of the COVID-19 pan-
demic on freight transport. These impacts were categorized into five main groups, which
included demand for freight transport services, transport capacity, operating cost, delivery
performances, and carbon emissions. Surprisingly, not all reported impacts were negative.
Negative impacts included, for example, reduced demand for transport services, higher
operating costs, transport capacity shortages, delayed delivery, and difficulties in finding
parking areas. On the contrary, some studies reported some positive impacts, such as
increased availability of truck drivers and lower operating costs, increased demand for
transport services, tax reductions on the service of logistics companies, fewer traffic jams, in-
creased efficiency, and fewer emissions. Most of these studies discussed the demand-related
impact, followed by impacts on operating transport, transport capacity, delivery perfor-
mance, and carbon emissions. Regarding the transport mode, road freight transport and
seaports were the most evaluated modes, followed by airfreight transport, while rail freight
transport was rarely addressed. Regarding the employed research methodologies, the
most frequently used methods were secondary data analysis, followed by questionnaires
and interviews.

After reviewing 20 studies focusing on mitigation strategies, we observed eight types
of mitigation strategies, including (1) usage of autonomous delivery vehicles (ADVs),
(2) deployment of drone delivery, (3) relaxing existing regulations, (4) utilization of mobile
warehouses, (5) engagement of large ships, (6) applying quantity discounts, (7) capacity
augmentation, and (8) mixed strategies. It was noticed that the most studied strategy was
the usage of ADVs with six studies, whereas the least studied strategies were strategies 4 to
8, with each strategy appearing in one or two studies. After that, the studies were classified
based on the transport mode, with the most frequent transport mode in 14 studies being
the road. The least frequent modes were air and seaport, each mode occurred in one or two
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studies. The last classification was based on the research method, such as empirical methods
and quantitative methods. This classification indicated that both quantitative methods and
empirical methods were equally used, such that each one appeared in ten studies.

In light of the undesirable impacts of pandemics and the mitigation strategies to
overcome these impacts, it was necessary to study the recoverability of freight transport in
its three modes. Nevertheless, only 15 studies covered the recoverability topic, discussing
six recovery measures, such as quality, efficiency, sustainability, performance, capacity, and
rate of recovery. Most of these studies, 5 out of 15 studies, focused on sustainability as
a recovery measure, while little attention was paid to the rest of the recovery measures.
In addition, the recoverability studies discussed all the transport modes with the same
attention, as each transport mode was studied by an average of six studies. The recoverabil-
ity studies were discussed using different research methods, such as empirical methods,
quantitative methods, and mixed methods. It was observed that the most studied method
was the mixed method (i.e., correlation analysis and data acquisition), which comprised
approximately 8 out of 15 studies, while the rest of the methods received almost the same
attention from scholars, from two to four studies for each method.

After reviewing the studies on the different themes, some future research directions
were highlighted. Regarding the impact theme, studying the impacts of COVID-19 in
developing countries was suggested. Focusing on the mitigation theme, more mitigation
strategies were needed for air and seaport transport modes, as their related strategies were
limited. Additionally, investigating dynamic routing and parking of mobile warehouses
were suggested. Based on the recoverability theme, it was recommended to develop robust
optimization models to deal with schedule disruptions and profit reduction. More detailed
research gaps and future directions are represented in Figure 6.

Although the novelty of this study has been highlighted, it is, nevertheless, important
to highlight some of its limitations. For instance, some scientometric analyses, such as the
most prolific/active authors, were not provided to avoid making the study too long. Simi-
larly, in the systematic review, we overlooked studies on freight transport before COVID-19.
It might be interesting research to study freight transport before and during COVID-19.
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Research Gaps

Impacts

Mitigation

Recoverability

Future Directions

Lack of studies focusing on the
so-called “new norm” (July
2020)

Identify the strengths and weaknesses of each
transport mode under the different "new norm"
policies adopted to reopen society

Lack of studies researching the
COVID-related impacts in
developing countries.

Comparing different control measures
implemented by these countries and to
measure the impacts of these measures on the
performances of freight transport.

Lack of studies examining the
resilience of specific city-
logistics initiatives

Examining the resilience of specific city logistics
initiatives, e.g., smart lockers, collection points,
etc., during the early and “new norm” periods
of the pandemic

Validating the prediction
models proposed for the end of
the year 2020

Comparing the predicted results with the
actual results to develop a better
understanding of the main factors that led to
any deviations between both results.

Existing studies used only traffic
data in estimating the carbon
emissions from freight
transport during the pandemic

Developing a complete picture by calculating
the reduction in CO2 emissions concerned with
the utilization of different transport facilities
and infrastructure

Most evidences of COVID
impacts are based on macro
perspective

Adoption of various methods based on
empirical data analysis from a micro perspective

Using limited factors while
discussing the acceptance of
ADVs

Overlooking energy
consumption and operational
cost while using robots

Ignoring traffic and weather
conditions while discussing
greenhouse gas emissions of
ADVs with robots

Ignoring many aspects while
assessing the viability of using
the existing drone infrastructe

Studying drone delivery during
limited conditions

Lack of accurate estimation of
product demand delivered by
mobile warehouse

Overlooking dynamic routing
and packing optimzation of
mobile warehouses

Ignoring the demand
fluctuations , sea weather
conditions and sailing time of
large ships

Limited mitigation strategies in
the modes of air and sea
transport modes

Existing recoverability models
use sole factor

No studies tackle the disruption
due to the different COVID-19
mutations

Lack of recoverability models
after the lock down

Delivery distance and time need to be
considered

Energy consumption and operational cost of
robots are imperative considerations to
improve the applicability of robots

Traffic and weather conditions are suggested
considerations to accurately determine
greenhouse gas emissions

More aspects need to be considered, such as
legal visibility and the opinion of policymaker

Different weather conditions need to be
investigated while using drone delivery

Adoption of data analytic techniques to
accurately estimate product demand

Investigate the dynamic routing and parking of
mobile warehouses using stochastic
programming approach

Develop a stochastic model considering all
uncertain factors

More mitigation strategies are needed for air
and seaport transport modes

Figure 6. Research gaps and future directions matrix.
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A single-index multidimensional recovery model
is recommended

Robust optimization models are required to
deal with schedule disruptions, profit
reduction, etc.

Proactive actions and models should be
developed to improve the recoverability and
resilience of freight transport modes, not only
after COVID-19, but also until the disrupting
event ends
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Abstract: The outbreak of the new COVID-19 disease is a serious health problem that has affected a
large part of the world population, especially older adults and people who suffer from a previous
comorbidity. In this work, we proposed a classifier model that allows for deciding whether or not
a patient might suffer from the COVID-19 disease, considering spatio-temporal variables, physical
characteristics of the patients and the presence of previous diseases. We used XGBoost to maximize
the likelihood function of the multivariate logistic regression model. The estimated and observed
values of percentage occurrence of cases were very similar, and indicated that the proposed model
was suitable to predict new cases (AUC = 0.75). The main results revealed that patients without
comorbidities are less likely to be COVID-19 positive, unlike people with diabetes, obesity and
pneumonia. The distribution function by age group showed that, during the first and second wave of
COVID-19, young people aged < 20 were the least affected by the pandemic, while the most affected
were people between 20 and 40 years, followed by adults older than 40 years. In the case of the third
and fourth wave, there was an increased risk for young individuals (under 20 years), while older
adults over 40 years decreased their chances of infection. Estimates of positive COVID cases with
both the XGBoost-LR model and the multivariate logistic regression model were used to create maps
to visualize the spatial distribution of positive cases across the country. Spatial analysis was carried
out to determine, through the data, the main geographical areas where a greater number of positive
cases occurred. The results showed that the areas most affected by COVID-19 were in the central and
northern regions of Mexico.

Keywords: coronavirus; comorbidity; spatial analysis; logistic regression; ROC curve

1. Introduction

The COVID-19 pandemic has affected many countries worldwide. Among these, the
United States, India, Brazil, the United Kingdom and Russia lead the list of countries with
the highest number of infected [1]. The outbreak of the SARS-CoV-2 virus was declared
a pandemic in March 2020, due to its rapid dissemination and its negative effects across
various countries [2]. After 18 months, the United States has reported 82,613,620 confirmed
cases and 999,842 deaths; India has reported 43,125,370 confirmed cases and 524,260 deaths;
Brazil has reported 30,701,900 confirmed cases and 665,216 deaths, among others. In the
case of Mexico (5,752,441 confirmed cases and 324,617 deaths), it is in 15th and 4th place re-
garding the countries with the larger number of positive cases and deaths, respectively [1].

Coronaviruses are a group of viruses that cause respiratory illnesses [3]. The most
common symptoms produced by the virus include fever, dry cough, tiredness and shortness
of breath, though, in more severe cases, it causes pneumonia or severe acute respiratory
syndrome (SARS) that may lead to death. In other cases, some people infected by the virus
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do not develop any symptom, but they may still infect the rest of the population. According
to the World Health Organization (WHO), the coronavirus can be transmitted from an
infected person to others through droplets (also called aerosols) that are expelled when
coughing, sneezing or speaking, when shaking a sick person’s hand, or by touching objects
or surfaces contaminated by the virus [4].

The vulnerability of a person to COVID-19 is determined by various factors; among
these, the educational level, age, gender, social conditions, sociodemographic conditions,
housing conditions, and even psychological and emotional factors. In their recent study,
Ref. [5] analyzed the effects of living conditions on morbidity and mortality in the state of
Oaxaca. In this study, it was determined that the health of the population was seriously
affected by poor living conditions, and the lack of services such as electricity, gas, water, and
health educational services. Therefore, several factors have contributed to the exacerbation
of the coronavirus disease. Ref. [6] tested the hypothesis that social vulnerability in Mexico
contributes considerably to the probability of hospitalization of people sick from COVID-19.
To prove this, a cross-sectional study was carried out with public data from the General
Directorate of Epidemiology of the Ministry of Health of Mexico using 5-month period
data from individuals with coronavirus. The results show that patients with diabetes have
38.4% probability of being hospitalized, and for those patients whose suffer from some
other comorbidity, the risk increases to 42.9% (42.2-43.7%).

Several studies have carried out for the evaluation of comorbidities associated with
severe and fatal cases of COVID-19. Ref. [7] reviewed 33 systematic studies and 22 meta-
analysis, concluding that, of the total cases, 40% had comorbidities, while fatal cases had
about 74% had comorbidities. Hypertension, diabetes, and respiratory diseases were the
most frequent comorbidities in severe and fatal cases. Ref. [8] founded that about 66.6%
of the deaths caused by from COVID-19 were to men, with a mean age of 69.9 years.
In addition, a high incidence of hypertension, diabetes, low platelet levels, and chronic
cerebrovascular and cardiovascular diseases were observed among the deceased. Ref. [2]
carried out a descriptive analysis of COVID-19 cases in Mexico with data obtained through
the official website of the Ministry of Health in Mexico. The study included epidemiological,
demographic, and clinical characteristics of the patients who were confirmed positive by a
real-time RT-PCR test. The results determined that most of the positive cases of COVID-19
occurred in Mexico City, the average age of the patients confirmed with the disease was
46 years old, most of these cases occurred in people between 30 to 59 years, and 58% of
all positive cases occurred in men. Regarding deceased patients, it was determined that
they had one or more comorbidities, mainly hypertension, diabetes and obesity. Similarly,
Ref. [9] determined that the most influential factor in men and women was obesity, followed
by diabetes and hypertension, as well as chronic kidney failure only in the case of women.
These findings indicate that these comorbidities were associated with the severity of the
disease and predispose to more serious complications of COVID-19.

Multivariate logistic regression has been widely used to identify variables associated
with risks of coronavirus disease. Ref. [10] adjusted a multivariable logistic regression
models with 450 patients from the Massachusetts General Hospital (MGH). They found
that, among patients with diabetes, 42.1% was admitted to the intensive care unit, or ICU,
37.1% required mechanical ventilation, and 15.9% died; while, among patients without
diabetes, 29.8% was admitted to ICU, 23.2% required mechanical ventilation, and 7.9% died.
In their results, they also found that diabetes and obesity were associated with greater odds
of ICU admission and mechanical ventilation. Ref. [11] conducted a study with 220 adult
patients with confirmed and suspected COVID-19 using multivariate logistic regression
and found that older age was an independent risk factor for mortality. In a study with
648 COVID-19-positive patients with a median age of 34 years, using multivariate logistic
regression, Ref. [12] found that independent risk factors for critical outcomes among
COVID-19 cases include old age, males, cardiac patients, chronic respiratory diseases,
and the presence of two or more comorbidities; all had significant p-values < 0.05. In
order of predicting COVID-19 severity, Ref. [13] conducted a retrospective study with
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287 patients of which 36.6% were classified as severe cases and 63.4% as non-severe cases.
They used 23 covariates on blood chemistry and obtained an accuracy of 85.2% and an
AUC of 0.928. Ref. [14] analyzed the survival probability of patients with COVID-19
in Mexico considering their characteristics and comorbidities. They carried out logistic
regression analyses and fitted nonparametric survival curves using the Kaplan-Meier
estimator. A greater risk of death was associated with diabetes, obesity, hypertension, age
and gender, and at a lower degree to, obstructive pulmonary disease, kidney disease and
immunosuppressive diseases. Ref. [15] implemented two logistic regression models to
investigate the rate of hospitalization and mortality against other variables. In the analysis,
10,544 records published by the Epidemiological Surveillance System of Respiratory Viral
Diseases of the Ministry of Health of Mexico (Ministry of Health, SSA) were used. The
results showed that the majority of the positive cases were men, being 54% times more
likely to be hospitalized than women. People older than 50 years and with two or more
simultaneous chronic diseases were prone to a higher risk of hospitalization and death.

Currently, there is a wide variety of statistical models and machine learning techniques
that allow predictions to be made given a set of characteristics. Ensemble learning uses
simple models to form a more precise and efficient algorithm. Boosting is an ensemble
technique where simpler algorithms are used in a sequential way to take advantage of each
original model in order to improve the precision of the subsequent model (Freund and
Shapire, 1996). Some assembly models that are based on the Boosting principle include the
AdaBoost [16], CatBoost [17], LightGBM [18] and Extreme Gradient Boosting (XGBoost).
XGBoost is an algorithm developed as a research project at the University of Washington
by [19] at the SIGKDD conference. This model was built by adding simpler models based
on regression trees. The optimization algorithm consisted on the gradient descent on an
objective function composed of the sum of individual loss functions of each observation.
These loss functions measure the distance between an observation and its prediction based
on the sum of its estimate in the previous iteration plus a new function that is added
sequentially in each iteration. These characteristics allow the global estimation of the model
to be scalable.

The XGBoost algorithm has proven its effectiveness and scalability over other methods
in recent studies. For example, Ref. [20] implemented XGBoost to predict PM2.5 con-
centration per hour. The method was compared to several algorithms including random
forest, multiple linear regression, decision tree, and support vector machines. Their results
showed that this algorithm superpassed all of these methods. Ref. [21] designed a real
driving task to extract data to model driving stress dynamics. They built a driver stress
management model based on driving behavior, environment and road familiarity, and
performed a cluster analysis with K-means to grouping observations of psychological and
driver stress data. The XGBoost was used to monitor stress within each group. Performance
comparisons revealed that the XGBoost model significantly transcended support vector
machines, random forest and gradient boosting decision tree.

In accordance with the current health emergency around the world, it is necessary to
build models that can predict the characteristics of people at higher risk of being infected
with COVID-19. Therefore, in this research work, we build an XGBoost model to predict
when the patient may or may not present the disease, considering risk factors such as
having previous diseases. For this, the proposed methodology to address this problem
is initially described. Subsequently, the description of the data is made, as well as the
main results obtained from the descriptive statistics and the results predicted by the model.
Finally, a brief discussion and conclusion is made about the main results obtained, as well
as the scope and limitations of the work carried out.

2. Materials and Methods

The population of Mexico is approximately 126 million people, with a proportion of
51.2% and 48.8% of women and men (Population and Housing Census 2020, [22]), with
a median of 29 years old. The country has 32 states, of which the state of Mexico has the
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largest number of inhabitants, while the state of Colima is the least populated. The data
used to carry out this study were collected for the entire country.

2.1. Awvailable Data

The data for this study were obtained from the official website of the General Direc-
torate of Epidemiology of the Ministry of Health of Mexico https://www.gob.mx/salud/
documentos/datos-abiertos-152127 (accessed on 10 May 2022). The records obtained from
the database range from February 2020 to the end of April 2022, a total of 15,119,419 reg-
istered cases, and 40 explanatory variables. The set of variables used is shown in Table 1.
The only available geographic data were the name of the municipality. To obtain the geo-
graphic coordinates of the municipalities, a shapefile was used. In order to merge the data,
7,347,705 were eliminated from the database, this due to the presence of missing values
on the records and the presence of variables that represented individuals with duplicate
characteristics, thus leaving a total of 7,771,714 individuals to be considered for analysis; of
these, 3,119,851 (40.14%) was confirmed as positive cases and the rest as negative cases.

Table 1. Explanatory variables used in the study.

Variable Description Units  Input Data Source 2
1 Date — Days DGE
2 Gender 0: Male, 1: Female — DGE
3 Age - Years GDE
4 Asthma 0: No, 1: Yes — DGE
5 Diabetes 0: No, 1: Yes — DGE
6 Cardiovascular disease 0: No, 1: Yes — DGE
7 COPD 0: No, 1: Yes — DGE
8 Hypertension 0: No, 1: Yes — DGE
9 Obesity 0: No, 1: Yes — DGE
10 Chronic kidney disease 0: No, 1: Yes — DGE
11 Smoking 0: No, 1: Yes - DGE
12 Pneumonia 0: No, 1: Yes — DGE
13 Other disease 0: No, 1: Yes — DGE
14 Longitude X UTM coordinate m CONABIO
15 Latitude Y UTM coordinate m CONABIO

1 https:/ /www.gob.mx/salud/documentos/datos-abiertos-152127 accessed on 10 May 2022; 2 http:/ /www.
conabio.gob.mx/informacion/gis/maps/geo/cabmun2kgw.zip accessed on 10 May 2022.

2.2. Logistic Regression

A generalized linear model is a function that relates a set of response variables with
some distribution belonging to the exponential family and a set of independent variables
that are obtained through a measurement or observation. This type of model allows
the generalization of other existing models by varying the distribution of the response
variable or the function that relates E(Y;) = p; with the set of covariates [23]. This last
function, commonly called the link function, is a monotonic and differentiable function,
which satisfies:

gui) =X"B, )

where X is an nxp matrix of explanatory covariates and g € R” is a px1 vector of coefficients
of the model. In the case where the response variable follow a Bernoulli distribution, the
parameter y; = p; represents the probability that a success will occur. The link function

commonly used in this case is the logit function g(u) = g(p) = log<%). Consequently,
the conditional probability of Y given X can be expressed as:

eX'B eBotBixi+Paxa+..+PBpxp
p(Y =y|X)= 14 eX'B T + eBotBrxiHpaxat..+Bpxp @)
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which satisfies (1). This model is known as the logistic regression model.

2.3. XGBoost

In this research, we used an XGBoost-based logistic regression model for the classifica-
tion problem, which may be denoted XGBoost-LR, where the explanatory variables are the
main risk factors described in [7,8], and the response variable is the presence or absence of
COVID-19 disease.

Letbe a dataset: {(x;,y;):i=1,...,n, x; € RP, y; € R}, where x; is the vector of
characteristics, and y; is the response variable. An assembly model based on regression
trees makes use of K simpler models, to predict y; additively:

K
v = kak(xi)/ fc €F,
=1

¥; is the prediction of y; and F is the class of functions of all possible regression trees;

F:{f(x):wq(x)| g:RF — 1, wGRT}, (©)]

T is the number of leaf, I = {1,2,..., T}, q(x) represents the index g(x)-th in vector w,
W, () represents the g(x)-th component of w, fi represents an independent regression tree
that corresponds to a tree structure q with leaf weights w.

Regression trees have a score on each of their leaves, w; denotes the score on the i-th
leaf of a tree. The data used in the training of the model are grouped in the leaf nodes. Thus,
in the prediction of an example, the decision rules generated by these trees are considered
to classify it in the corresponding leaves and calculate the final prediction adding each of
the scores in the leaves given by the vector w of each tree [19].

The regularized function to minimize, and to learn each f; is:

=

L=) Wyiyi)+ Zk:Q(fk)/ 4)

1

I
—

I represents the loss function between the observed value y; and the predicted value ¥;.
In addition,

1
O(f) = 9T + Ao

(1 is the regularized term that penalizes the complexity of the model to avoid overfitting of
the data, oy penalizes the number of leaves or equivalently the complexity of the tree, T is
the number of leaves in the tree, A is the regularization parameter, and w is the score vector
in the leaves.

The loss function is considered as the mean square error if the problem is regression,
whereas in a binary classification problem, the loss function is the likelihood function
obtained from Equation (2):

Let ﬁ(t) =Yi g fi(xi) = {th(;ll fk(xi)} + f(x;), and Equation (4) can be written as:

£0 =Y 1,70+ fi(x) + QUf). (5)
i=1

Using the second order Taylor expansion of the loss function and denoting by
I; = {i | q(x;) = j} for some fixed structure q(x) to the index set whose examples
correspond to that leaf, we can rewrite (5) as:

T
ct =y (Zgi)wj+%(2hi+)\)w]2 +T. 6)
j=1

IEI]' ZEI/'
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The internal sums of the Equation (6) over the index set I; of the leaf j is due to the fact
that the examples present in that leaf have the same score. Subsequently, to find the optimal
value of the parameters w; in each of the leaves, fixing g(x) and deriving Equation (6), it
was determined that such a value is:

Yiel 8i

wr = - —<h8 7
J Yier i +A @

Substituting (7) in (6), we found that the minimum value is reached in:

2
E(t) (q) _ _1 T (21611' gl) 4 qT.
2 5 Ve hi +A
In practice, the goal is to optimize one level of the tree at a time, so that branches are
added iteratively to a tree. Thus, if a leaf is divided into two leaves and the index set of the
examples that are on the left leaf and on the right leaf are I; and Ip, respectively, then the
reduction in loss after division is given by:

L li :1 (Ziellgi)Z (Ziengi)z o (ZiEIIUIDgi)Z -y (8)
P2 Yiern hi+A T Tierp i+ A Tienur hi +A )

This last expression consists of the scores of the original leaf, the left leaf, the right
leaf, and the regularization term. In addition, this formula is the gain in the loss reduction
equation; therefore, it is used to evaluate the division with the candidates.

3. Results
3.1. Spatiotemporal Distribution of Daily Cases

The temporal distribution function of daily cases of COVID-19 in Mexico from Febru-
ary 2020 to the end of April 2022 is described in Figure 1. When analyzing the Figure 1,
it can be seen that, after the arrival of the SARS-CoV-2 virus in Mexico, the daily cases of
infected increased rapidly beginning in the month of May, reaching the peak of the first
wave of positive cases in summer 2020 (mid-July and early August). In this first wave, the
temporal distribution function considering the gender of the patient indicates that there
is a greater presence of masculine cases than feminine. Subsequently, the second wave of
positive cases is confirmed during the winter of 2021 (January—February). In this phase, the
occurrence of positive cases was higher than in the first wave, the infection had propagated
to every state in Mexico. In addition, notice from Figure 2 that the cases in women and men
are quite similar, and the trend of male cases is very similar to the trend of female cases. On
the other hand, the third and fourth wave of cases occurred during the months of July 2021
and January 2022. Furthermore, the last wave was the largest, with a significantly greater
number of cases in men than in women. The distribution function by age group shows
that, during the first and second wave, young people aged < 20 were the least affected by
the pandemic, while the most affected were people between 20 and 40 years, followed by
adults older than 40 years. In the case of the third and fourth wave, there was an increased
risk for young individuals (under 20 years), while older adults over 40 years decreased
their chances of infection; see Figure 3.
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Figure 1. Temporal distribution function in terms of probability for daily COVID-19 cases from
February 2022 to April 2021. The dotted line represents the date when a maximum was reached in
COVID cases.
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Figure 2. Temporal distribution function in terms of probability for daily COVID-19 cases by gender.

The results obtained from the statistical analysis by geographic location determined
that the states with the highest occurrence of COVID-19 cases were the following: in the
central zone of Mexico, the predominant states were Mexico City and the State of Mexico;
in the west, Jalisco and Guanajuato; in the north of Mexico, these were Tamaulipas, Nuevo
Leon, Sonora, and, in the south, these were Puebla, Veracruz, and Tabasco, see Figure 4.
Most of the states least affected by the disease, with the exception of Chiapas, were the least
populated, as is the case of Colima, Nayarit and Campeche; an exception is the state of
Chiapas. On the other hand, the municipalities in Mexico with the most cases of COVID-19
were Puebla, Querétaro, Leén, Monterrey and Guadalajara. In the case of Mexico City, the
largest number of cases occurred in the most populated municipalities, such as Iztapalapa,
Gustavo A. Madero, Alvaro Obregén, Tlalpan and Benito Juarez, see Figure 5.
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Figure 3. Temporal distribution function in terms of probability for daily COVID-19 cases by age.
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Figure 4. Mexican states with most COVID-19 cases from February 2020 to April 2022.
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Figure 5. Municipalities with most COVID-19 cases from February 2020 to April 2022.
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Additionally, the maps in Figure 6a,b show the actual frequency for each municipality
of positive cases of COVID-19. Figure 6a shows that many entities in Mexico have a high
number of incidents, while Figure 6b shows the center of Mexico, it can be seen that the
federal district is one of the most affected entities.
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Figure 6. Spatial distribution of COVID-19 positive cases: (a) national context; (b) zoom-in to
Central Mexico.

3.2. Spatiotemporal Distribution of Individuals with Comorbidities

In Mexico, a large part of the population suffers from a disease that exposes them
to a higher risk of developing COVID-19 or of having serious complications once they
are sick. Therefore, it is important to explore the probability of cases against the main
risk factors. To do this, four groups that were diagnosed positive for COVID-19 were
analyzed: (1) individuals who did not present any risk factor, (2) individuals with diabetes,
(3) individuals who suffered from obesity and (4) those who presented pneumonia, Figure 7.
For the group of individuals without comorbidity, it was determined that the highest
number of incidences occurred in patients between the ages of 25 and 35 years, with an
average of 37.75 years. In the case of individuals with diabetes, the mean was presented at
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57.5 years, while, for obesity, the cases were positively skewed with a mean of 45.62 years,
unlike pneumonia, where the distribution of cases was negatively skewed with a mean of

56.8 years.
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Figure 7. Probability distribution functions for positive COVID-19 cases by comorbidity against age.

The proportion of patients who presented some risk factor of the total set of records is
described in Table 2. Figure 8 shows that the main risk factors present in a large part of
the Mexican population are hypertension, pneumonia, obesity, diabetes and smoking. On
the other hand, the spatial distribution of each of the comorbidities under study associated
with the cases that tested positive for COVID-19 can be seen in Figure 8.

Table 3 shows the patients diagnosed as positive for COVID-19, who had some previ-
ous comorbidity. The main risk factors in the Mexican population included hypertension,
pneumonia, obesity, and diabetes. In addition, only of the positive cases (3,119,851), 55.59%
of the patients suffered at least one of the 10 diseases that were considered in the study.
When analyzing the gender, it was found that 50.31% and 49.69% of the total positive cases
are men and women, respectively. In the group of men, 56.16% had at least one disease,
while in the case of women this was 55%.

Table 2. Percentage of patients with any comorbidity, out of a total of 7,771,714 observations.

Variable Yes No

Hypertension 19.00% 81.00%
Pneumonia 9.00% 91.00%
Obesity 15.50% 84.50%
Diabetes 14.17% 85.83%
Smoking 10.02% 89.98%
Asthma 3.77% 96.23%
Chronic kidney failure 1.88% 98.12%
Cardiovascular disease 1.94% 98.06%
Other disease 2.6% 97.40%
COPD 1.32% 98.68%
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Figure 8. Spatial distribution of comorbidities associated with COVID-19 occurrence from February
2020 to April 2022: (a—j) all the comorbidities and (k) captions for states and countries.

Table 3. Percentage of COVID-19 patients with any comorbidity, out of a total of 3,119,851 observations.

Variable Yes No

Hypertension 21.62% 78.38%
Pneumonia 15.62% 84.38%
Obesity 17.67% 82.33%
Diabetes 16.53% 83.47%
Smoking 8.98% 91.02%
Asthma 3.37% 96.63%
Chronic kidney failure 1.93% 98.07%
Cardiovascular disease 1.95% 98.05%
Other disease 2.78% 97.22%
COPD 1.37% 98.63%

3.3. Classification Analysis with XGBoost-LR and Classic LR

This study is focused on determining a model capable of predicting whether or not the
patient will suffer from the COVID-19 disease, considering a set of explanatory variables.
Additionally, it sought to identify the importance of each of these variables in different
groups of patients. The study was performed with the XBGoost-LR model described in
Section 2.3 using the likelihood of a multivariate logistic regression model as a loss function.
The measure of selection that determined the order of importance of variables in the context
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of decision trees was the gain, defined in (8). This measure allowed for deciding which
attribute should go to a decision node, selecting the one whose gain is greater.

The XGBoost-LR model was built considering 70% of the data as the training set
and 30% as the testing set. To measure model quality among a set of candidate models,
evaluation metrics were calculated with only the test set. For the final model, we obtained a
score known as sensitivity (66.11%) (i.e., recall rate or fraction of true positives), which is the
proportion of positive cases that the model correctly identified. The specificity was 70.11%
(true negative rate), which represented the proportion of negative cases that were correctly
classified by the algorithm. The probability of how close the result of a measurement
is to the true value, that is, the accuracy of the model, was 68.5%. In addition, it was
determined that the most influential variables in the model (in terms of decision trees,
which generate the greatest gain) for the classification were: date, pneumonia, location with
latitude, longitude and age, while diseases such as asthma, hypertension, disease Chronic
obstructive pulmonary disease and cardiovascular diseases were the least influential in the
model classification. The importance of the variables is shown in Figure 9. This type of
importance represents the average gain across all splits where feature was used. Therefore,
the table shows that the variables age, latitude, longitude, pneumonia and date are the
variables with the greatest importance, while that the variables associated with asthma,
hypertension, COPD, cardiovascular disease, another disease, diabetes, chronic, kidney,
disease, smoking obesity and gender have lower values of importance. Although the
measure of importance obtained by these variables is low, this does not mean that the
variables do not contribute to the adjustment; rather, it means that the number of cases in
which the variable was decisive to form a new branch is lower.
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Figure 9. Importance of explanatory variables in XGBoost.

The predictive capacity of the built model was analyzed by comparing it with other
classification models. To do this, it was compared with the classic multivariate logistic
regression model, which allows for predicting a binary response variable [23]. For training
the classical logistic regression model, the same training and testing set used with the
XGBoost-LR model was employed. The results obtained for the new model were as
follows: the sensitivity was 43.63%, the specificity was 70.49%, and the accuracy was
59.69%. Therefore, it can be showed that the XGBoost-LR model outperformed the classic
logistic regression model in almost all the assessment metrics, except for specificity, see
Table 4.

Alternatively, the predictive ability of the final model can also be viewed graphically
using maps; see Figure 10a,b. The prediction of cases by municipality obtained with the
XGBoost-LR model considering the entire Mexican territory can be seen in Figure 10a, while
the zoom-in to Central Mexico is found in Figure 10b. Figure 10a shows the level of risk
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present in each of the municipalities, even more so the areas with the highest probability of
risk include the north, coast and center of the country. Note that the map is quite similar
to the map in Figure 6, so it can be assumed that the model has good predictive capacity
on the data. We also elaborate a map with the predictions using the multivariate logistic
regression model to contrast the results of the proposed model. The results are shown
in Figure 11, in which we observe a significant difference with respect to the map of the
observed values shown in Figure 6.
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Figure 10. Predicted spatial distribution of COVID-19 occurrence from February 2020 to April 2022:
(a) average actual occurrence with XGBoost-based logistic regression; (b) zoom-in to Central México.
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Figure 11. Predicted spatial distribution of COVID-19 occurrence from February 2020 to April 2022:
(a) average actual occurrence with multivariate logistic regression; (b) zoom-in to Central México.

The XGBoost-LR model was analytically evaluated by calculating the area under the
ROC curve called AUC. The AUC value obtained was 0.75, which indicates that, if an
individual is randomly selected, then there is a probability of 0.75 that the diagnosis made
by the model is correct. Thus, the constructed model is considered appropriate to predict
the risk of acquiring the COVID-19 disease. Figure 12a, shows the ROC curve with the
performance of the XGBoost model. Specificity evaluates the proportion of real negatives
that are correctly identified, while sensitivity describes the proportion of real positives
that were correctly identified. In this way, the ROC curve also provides a perspective on
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the behavior of the predictive potential of the proposed model. In addition, the optimal
cut-off point was also determined, which maximizes the difference between sensitivity
and 1-specificity (Figure 12b). Figure 12c shows the ROC curve and AUC obtained for
the multivariate logistic regression model. The value of the AUC obtained for this model
shows that the proposed model is better than the multivariate logistic regression model. In
this model, the cut-off was 0.37, which is slightly lower than the cut-off obtained by the
XGBoost model.

Table 4. Evaluation metrics of the XGBoost-LR and classic multivariate logistic regression models.

Model Sensitivity Specificity Accuracy
XGBoost 66.11% 70.11% 68.50%
Multivariate logistic regression 43.63% 70.49% 59.69%
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Figure 12. ROC curve (a,c), area under the AUC curve (b,d) and optimal cut-off value of the models:
XGBoost-LR and logistic regression, respectively, to estimate the risk of suffering from COVID-19.
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3.4. Predicting New Cases

Figure 9 shows that pneumonia is the most important variable of the variables asso-
ciated with previous comorbidities. In addition, the rest of the variables associated with
previous comorbidities also contribute to the construction of the model. The reason is
because the decision tree considers spatial and temporal variables, and consequently, in
certain geographical places, these variables play an important role for prediction. However,
because these places are less numerous within the study region, the importance assigned to
the variable is considerably lower. In the case of patients with no history, it was observed
that the estimated probability of risk is low, so the aforementioned probability does not
exceed the optimal threshold of 0.4, for which the model classifies these observations as
negative cases for COVID-19. In the case of patients suffering from obesity and diabetes, it
was determined that the probability of risk increases slightly compared to individuals who
do not present comorbidity; however, this probability is also below the optimal threshold;
thus, they are considered as cases negative for the disease. Finally, in the case of pneumonia,
the probability of risk increases beyond the optimal threshold after 10 years.

4. Discussion

Our findings based on descriptive statistics determined that the most prevalent co-
morbidities in the studied population were obesity, diabetes, hypertension and pneumonia.
When analyzed variables of location, the data reflected a notable spatial differentiation in
the number of incidents of positive and non-positive COVID-19 cases. That is, urban areas
in the central, northern and coastal region of the country, presented a high risk of infection
compared to less populated places, such as Chiapas, Campeche and Colima, as can be seen
in the maps.

Another result of the descriptive analysis was the ability to determine the time periods
with a high rate of contagion in Mexico, which occurred shortly after the holiday seasons
of each year. This is reasonable given the enormous mobility on those dates. Additionally,
when analyzing the distribution function of positive cases of COVID-19 grouped by comor-
bidity, it was observed that older adults were more likely at least one of the comorbidities
considered in the study. Depending on gender, there was almost the same proportion of
positive cases in men and women, which suggests that the risk is independent of gender.
On the other hand, after using the XGBoost-LR model, we were able to confirm that, indeed,
a large part of the Mexican population was affected by the COVID-19 disease.

Our results also revealed that some vulnerable groups have a greater risk, which
may be characterized by their health status and geographic location. This fact is of vital
importance not only for the study of the new coronavirus disease, but to show the health
status of a large part of the Mexican population. In fact, the Mexican Ministry of Health
indicated that, after the United States, Mexico ranks second in terms of obesity rate, a disease
that is highly related to diabetes, being one of the main causes of death in the country.
On the other hand, the analysis of the geographical locations makes it possible to analyze
the existing risk in densely populated places, and encourages the relevant authorities to
take better measures, for example, to strengthen security protocols, in touristic areas of
the country.

Trevifio [24] found the presence of the same comorbidities, finding that men suffer
from COVID-19 disease more often than women. In addition, he indicated that admission to
the Intensive Care Unit was related to the gender patients, as verified by the Chi-square test.
Our result probably differs in that, during the first year of the pandemic, there were more
positive cases in men than in women; however, during the second year, this could change.
On the other hand Ref. [15] performed a logistic regression analysis and determined that
men were 1.54 times more likely to be hospitalized than women. Furthermore, both [25]
and [9] found that, in addition to diabetes and obesity, high blood pressure and chronic
kidney damage can increase mortality in COVID-19 patients. Regarding the analysis by
geographic location of each state of Mexico, Refs. [2,26] analyzed the cases of COVID-19 in
Mexico. In both studies, the results agreed with our analysis, since the same spatial pattern
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was detected throughout the country: State of Mexico, Nuevo Leén, among others, were
the most affected by the pandemic.

Having a predictive model that allows for identifying individuals with particular
characteristics is important for taking preventive measures to avoid further deaths. On
the other hand, the constant appearance of new variants of the virus worries stakeholders
around the world and makes it difficult to pinpoint an end date for the pandemic. Therefore,
the authorities must strengthen surveillance and adopt systematic approaches to provide
health indications to the entire population, based on each local context.

5. Conclusions

In the present study, positive and non-positive cases of COVID-19 in Mexico were ana-
lyzed at the municipal level using data from the Mexican Ministry of Health. A descriptive
analysis was performed to explore the spatial and temporal distribution of positive cases,
and subsequently an XGBoost-LR model was trained to estimate the risk of infection using
the main comorbidities in patients as covariates. According to the results, we confirm that
pneumonia, obesity and diabetes were variables of utmost importance to predict new cases.
The estimated and observed values of percentage occurrence of cases were very similar,
and indicated that the proposed model was suitable to predict new cases (AUC = 0.75). The
optimal global cutoff to identify when a case is positive for COVID-19 was 0.41. Our results
revealed that patients without comorbidities are less likely to be COVID-19 positive, unlike
people with diabetes, obesity and pneumonia with ages close to 56, 46 and 59 years old,
respectively. The current worldwide situation regarding COVID-19 is still serious, espe-
cially with the emergence of new SARS-CoV-2 virus variants. Therefore, we recommend
reviewing and adapting government policies concerning the establishment of preventative
measures to avoid the spread of virus and mitigate the pandemic effects.
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Abbreviations

The following abbreviations are used in this manuscript:

COVID-19 ‘CO’ stands for corona, ‘VI” for virus, ‘D’ for disease, and “19” for 2019
CONABIO National Commission for the Knowledge and Use of Biodiversity

COPD Chronic obstructive pulmonary disease

DGE Directorate General for Epidemiology

ROC Receiver Operating Characteristic

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
WHO World Health Organization
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Abstract: Since the COVID-19 outbreak, the scientific community has been trying to clarify various
problems, such as the mechanism of virus transmission, environmental impact, and socio-economic
impact. The spread of COVID-19 in the atmospheric environment is variable and uncertain, poten-
tially resulting in differences in air pollution. Many scholars are striving to explore the relationship
between air quality, meteorological indicators, and COVID-19 to understand the interaction between
COVID-19 and the atmospheric environment. In this study, we try to summarize COVID-19 studies
related to the atmospheric environment by reviewing publications since January 2020. We used
metrological methods to analyze many publications in Web of Science Core Collection. To clarify the
current situation, hotspots, and development trends in the field. According to the study, COVID-19
research based on the atmospheric environment has attracted global attention. COVID-19 and air
quality, meteorological factors affecting the spread of COVID-19, air pollution, and human health
are the main topics. Environmental variables have a certain impact on the spread of SARS-CoV-2,
and the prevalence of COVID-19 has improved the atmospheric environment to some extent. The
findings of this study will aid scholars to understand the current situation in this field and provide
guidance for future research.

Keywords: COVID-19; metrology; data analysis; atmospheric environment; pollution

1. Introduction

The COVID-19 pandemic caused by SARS-CoV-2 has been recognized as a global pub-
lic health emergency by The World Health Organization [1]. The outbreak and continued
prevalence of COVID-19 has had a severe impact on all aspects of human life worldwide. In
response to the strong infectivity and spread of COVID-19, many countries have adopted
policies of lockdown and restriction of activities to strictly control the occurrence of the
infection. Lockdown is the most direct way to stop COVID-19, but it cannot be sustained in
the context of a global pandemic. Research into specific drugs to prevent or treat COVID-19
have yet to yield results [2]. Vaccination is the most effective and cost-effective interven-
tion to control the spread of COVID-19, but the continuous emergence of new variants of
SARS-CoV-2 undoubtedly poses another great challenge to vaccine development [3].

Under the current circumstances, COVID-19 is likely to coexist with humans for a long
time. Its normalization will lead to a significant decrease in the mobility of the population,
making a big change in the way people live and travel, and having a great impact on the
functioning of society and the policies of the state. Both natural and human behavioral
changes resulting from COVID-19 have direct or indirect effects on the atmospheric environ-
ment. These influences are multifaceted, with many positive and negative influences. Also,
the atmospheric environment has an important relationship to the spread of COVID-19.
Understanding the interrelationship between air quality, meteorological indicators, and
COVID-19 is significant for saving human lives.

We need to comprehensively understand the relationship between COVID-19 and the
atmospheric environment, which has attracted the attention of many authors. But there is
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no metrological analysis type of review study in this field. Metrological analysis overcomes
the subjective factors in the traditional literature review, completely covers all literature
in the selected period, avoids the loss of key literature, and can quantitatively explore the
knowledge structure, research hotspots, and the latest insights in some scientific fields [4].
The metrological study of COVID-19 and the atmospheric environment simultaneously,
aiming to present the overall picture of this field by analyzing and exploring the current
situation and research hotspots in this field [5].

2. Research Methodology

This section details the process of research design (Section 2.1), data collection (Section 2.2),
and data processing (Section 2.3) used in this research.

2.1. Research Design

The bibliometric approach is good at uncovering the underlying knowledge structure
in literature and integrating the visualization results for further analysis [4]. In this paper,
we use bibliometric analysis methods and data visualization analysis tools to synthesize and
comb the literature related to COVID-19 and the atmospheric environment, quantitatively
analyze the data, and generate visualization and content analysis results. Drawing with
AutoCAD as shown in Figure 1. To understand the complex relationship between COVID-
19 and the atmospheric environment as well as the degree and trend of its impact on the
atmospheric environment.

‘stagel:Bibliometric Analysis Data ‘ -_— ‘stagezzMetrological Analysis ‘

Keyword 1 ~
Web of science

(Keyword clustering

Research Topics
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Knowledge Domains

Publication screening
ountry cooperation)

——(Country cited frequency —
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,

Publication i q Samber of PR A

/ Origin

Figure 1. Workflow of the systematic.

2.2. Data Collection

The data in this paper are all from Web of Science Core Collection, which was se-
lected because it covers a wide range of outstanding publications in the entire academic
field and is one of the largest databases from 1900 to the present. The database contains
authors, citations, journals, and much more bibliographic information that can be used
for analysis [5,6]. The World Health Organization named the new coronavirus infection
pneumonia as COVID-19, and the International Committee on Classification of Viruses
named the new coronavirus SARS-CoV-2. Therefore, the search strategy was set to (COVID-
19) OR (SARS-CoV-2) AND (atmosphere OR air). The search record includes title, author,
abstract, keywords, and references [7]. In the Web of Science Core Collection database,
the Boolean operators “OR” and “AND” are used to merge the individual components of
a search query.

An initial search using these keywords from the Web of Science Core Collection
database for the period 1 January 2020-31 December 2021. After filtering by publication
type and research direction, a total of 1781 relevant publications were obtained by removing
duplicates, including 1684 papers and 144 reviews. Research interests include environmen-
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tal sciences, public environmental and occupational health, meteorology and atmospheric
sciences, multidisciplinary sciences, and green and sustainable technologies, which are
related to the environmental field.

2.3. Data Processing

We analyzed and evaluated the collected data, including country, source, title, author,
publication year, affiliation, document type, field of interest, keywords, citation, etc. We
consider the number of published publications as a quantitative indicator of the research
productivity of authors, countries, institutions, sources, etc. The bibliometric analysis in this
study was conducted mainly on VOSviewer, and the co-occurrence network visualization
map was constructed based on the information extracted from 1781 publications to present
the publication data. VOSviewer can combine network visualization and spectral clustering
to analyze the underlying knowledge structure contained in many publications [8]. In
addition, the software can perform network analysis on different aspects of the data
collected, and quickly process text data downloaded directly from the Web of Science
site [5]. This study also utilizes the integrated development environment PyCharm, the
scientific drawing software Origin, and the spreadsheet software Excel to further assist in
the analysis and processing of the data.

3. Results of the Metrological Analysis

This section conducts a qualitative and in-depth metrological analysis of publication
data from selected studies. It includes the trend of publication volume in the last two years
(Section 3.1), research content of high-influence authors (Section 3.2), national coopera-
tion relationship (Section 3.3), analysis of the number of national citations (Section 3.4),
and analysis of publication sources (Section 3.5). In addition, high co-occurrence key-
words are analyzed (Section 3.6) and keyword co-occurrence cluster analysis is elaborated
(Section 3.7).

3.1. The Number of Publications in the Past Two Years

The variation in a research field’s publication output can be used to assess its develop-
ment status, knowledge accumulation, and maturity [9]. As can be seen in Figure 2, the
number of publications in this research area has grown rapidly over time and is divided
into three phases. There were 474 publications in 2020 and 1307 publications in 2021.

\ Steady growth

Rapid development

of articles Pu

et
/

S H
Z o Initial growth |}

Figure 2. The number of publications in the past two years.

The first phase is from January to March 2020, this phase is the initial growth phase.
At the beginning of the COVID-19 epidemic, many countries began to focus on and study
the correlation between COVID-19 and the atmospheric environment, especially the influ-
ence of the atmospheric environment on COVID-19 transmission and mortality. The first
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publication was published in January 2020 and focused on the extent of air and surface
contamination in a COVID-19 non-intensive care unit [10]. The second publication was
published in January 2020 and the study focused on the driving role of travel numbers on
the spread of COVID-19 [11]. Both publications were published in Bioscience.

The second phase is from April 2020 to January 2021, and this phase is the rapid
development phase. At this time, the COVID-19 outbreak has been going on for some time,
research in the field expanded and the number of publications exploded. With a buffer
of time and sufficient data to support it, studies on the effects of COVID-19 on air quality
began to emerge and develop rapidly. The impact of COVID-19 on the atmosphere is clear
and immediate. A study on NOx reduction and recovery during COVID-19 in East China
was published in Atmosphere in April 2020 [12]. The paper shows that NOx emissions
in most parts of eastern China have decreased significantly due to the lockdown after the
outbreak of COVID-19. After the lockdown period, NOy emissions began to rise to various
degrees. Among them, January 2021 saw the maximum number of papers published, far
higher than other months. The main reason may be that papers published at the beginning
of the year have a longer time to accumulate citations than papers published at the end of
the year, which helps to improve the impact factor.

The third phase is from February 2021 to December 2021, and this phase is the stable
growth phase. The number of publications in this period began to fall from the peak, but
still maintained a certain number of publications. The research focuses more on changes
in air quality and emissions of atmospheric pollutants caused by COVID-19. This will be
a research direction of lasting interest.

3.2. Influential Authors and Their Research Interests

Authors with many highly cited papers often accompany the research hotspots and
methodological trends in this field and play an important role in the development of this
field. In this study, the top five authors were determined by a comprehensive evaluation of
the number of authors’ publications and citation times, as shown in Table 1.

Table 1. Top 5 most productive authors on COVID-19 and air environment research.

Rank Author Institution TP TC AC Main Research Interests
1 Zhar}g, Fudan University 7 852 1217 The impact of lockdown measures on air quality in China
Hongliang and India
2 Coccia, Mario CNR N.atl Res 6 558 93 The impact of air pollution on the spread of outbreaks
Council Italy
Bashir, Environmental quality, climate indicators and th
3 Muhammad Cent South University 6 539 89.8 vironmenta’ qua iy, cimate mdicators a ¢
COVID-19 pandemic
Farhan
4 Querol, Xavier Spanish Res Council CSIC 5 423 84.6 Changes in air quahtx ca}l sed. by ‘COVID-19 lockdown and
its implications
5 Wang, Peng Hong K(?ng Pplytech 7 358 511 Changes and causes gf alr.pollutant concentration under
University epidemic lockdown

Notes: TP = Total publications; TC = Total citations; AC = Average number of citations per paper.

Zhang, Hongliang of Fudan University published 7 papers and was cited 852 times,
with an average of 121.7 times [13-19]. His papers were cited the most frequently and had
the highest average number of citations per paper, indicating that his research received
high attention from other authors. In general, the research content of these five authors
has attracted much attention, and the research direction tends to be about the impact of
COVID-19 lockdowns on air quality and the impact of meteorological indicators on the
spread of the epidemic.

3.3. Cluster Analysis of National Cooperation

The number of publications is an important indicator to measure the development
trend of a certain field. To some extent, the number of publications in this field can reflect
the research strength of a country in this field [7]. As shown in Figure 3a, through the
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online bibliometric analysis website bibliometric.com (accessed on 30 April 2022), we can
directly obtain the inter-country partnership map, where the area occupied by countries
represents the number of national publications and the total linkage intensity represents
the degree of inter-country partnership.
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Figure 3. (a) Country partnership chart; (b) Country partnership clustering chart.

Figure 3b shows the graph of VOSviewer to generate the clustering analysis of country
cooperation relations. In this paper, the analysis process of clustering algorithm is divided
into three steps.

1.  Construct an association matrix for the analysis object. The co-occurrence matrix based
on the quantitative relationship between objects is a data-based square matrix. It is
assumed that there are n variables in the research matrix, xjjis the co-occurrence observed
value of the i-th variable and the j-th variable, and the co-occurrence observed values of
all variables form a nn x n square matrix [20]. The formula is as follows.

X11 o Xin
M= |1 (1)

Xn1 Xnn

2. Calculate the similarity relation value or dissimilarity relation value (distance) be-
tween any two data objects in the matrix.

3. A certain clustering algorithm is used to divide or merge data objects to form a certain
clustering result.

VOSviewer clustering algorithm can be regarded as a weighted variant based on
modular clustering. The modular Q value calculation formula of VOSviewer is as follows,
and the optimal clustering result is obtained when the modular Q value is the largest [20,21].

1 CiCi
Q= %Ziqfs(xi/ Xj)wij <Cij - 721";) @)

In the above formula, m represents the total number of connections in the network; Cij
represents the number of connections between nodes i and j (cij = ¢ji > 0); ¢; represents all
connections of node i; x; represents the cluster to which the node belongs, the § function is
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1 for x; = x; and 0 otherwise; w;; represents the weight value w;; = 2m/c;c;, and 7y represents
the clustering parameter.

The essence of VOSviewer co-occurrence clustering is that two related items appear
simultaneously and aggregate together. Different types of clustering groups can be obtained
based on the measure of index clustering of the strength and direction of item correlation.
VOSviewer adopts the algorithm of limiting parameter variables. By adjusting the value
of limiting parameter variables, it can control small clusters, and the generated clusters
have strong consistency and high stability. Using VOSviewer, the minimum number of
publications is set to 7, and the minimum citation frequency is set to 10. Finally, a total of
56 countries were obtained, divided into 5 clusters. The color of the spheres represents
different regions, the size of the spheres represents the number of national publications,
and the total link strength indicates the intensity of cooperation between the two countries.

The first cluster (red) is dominated by Italy, which mainly cooperates closely with
European countries; the second cluster (green) is dominated by the United States, which
has frequent cooperation with the Americas, Oceania, Asia, Europe, and Africa; the third
cluster (blue) is dominated by China, which cooperates more with European, Asian, and
African countries; the fourth cluster (yellow) is dominated by Australia, which cooperates
more closely with American countries; the fifth cluster (purple) is dominated by India,
which cooperates more with Asian and European countries. We can find Italy, the United
States, China, Australia, and India as regional leading countries, as the close cooperation
between countries has played a substantial role.

The papers on COVID-19 and the atmospheric environment field are mainly concen-
trated in China (469), the United States (399), India (209), Italy (173), the United Kingdom
(137), and other countries such as Germany (94) and Spain (89), which also have more
prominent research capacity in this field. Among them, the United States is the country
with the most cooperation with several countries in the world, and it frequently cooperates
with China, the United Kingdom, Italy, and Canada. Globally, the international cooperation
links in research in the field of the atmospheric environment under COVID-19 are strong,
and many countries pay attention to research and cooperation in this field.

3.4. Country Cited Frequency Analysis

The number of citations is an important indicator of the influence of papers in a certain
field. The total number of citations and the average number of citations of a country in the
field can reflect the international influence and research strength of the country in the field
to a certain extent. The average number of citations can also show the quality of a country’s
papers, thus reflecting the country’s scientific research capacity and level. This paper uses
a simple average method. The average citation frequency is the total citation frequency
divided by the total number of publications. In Figure 4a,b, the darker the color, the higher
the total or the average number of citations for a country. The total number of citations
in China was 13,568, with an average citation rate of 28.93. Meanwhile, the total number
of citations in the United States was 11,263, with an average citation rate of 28.23. These
two countries have the highest total citations, which are much higher than other countries,
and the average citations are relatively good, indicating that both countries have strong
research strength and influence in the field. The total number of citations in India is 4135
and the average number of citations is 19.78, which indicates that India has some research
strength and influence in the field. The total citations of Australia and the United Kingdom
are relatively high, with 2805 and 5781 respectively; the average citations are high, with
48.36 and 42.20, respectively, indicating the profound academic influence and first-class
research level of these two countries in the field. The total number of citations in Ecuador,
Norway, and Denmark is low, only 577, 1194 and 938 respectively, but the average number
of citations is high, 82.43, 59.70 and 58.65, respectively, which indicates that these countries
have great potential for research in this field. In contrast, it can be found that the average
citation frequency data of most European countries and Australia are more prominent. This
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shows that the overall quality of these countries” papers may be higher, and subject to more
attention and recognition by scholars.
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Figure 4. (a) The total number of citations by country; (b) The average citation rate by country.

3.5. Analysis of Journal Publications and Co-Citation

A total of 137 journals have published relevant research between 2020 and 2021. Table 2
shows the information on the 10 most productive journals in this research area. In terms
of the number of publications, Science of The Total Environment (203, 11.39%) is the most
active journal, followed by International Journal of Environmental Research and Public Health
(140, 7.86%), Environmental Research (134, 7.52%), and Aerosol and Air Quality Research
(125, 7.02%). Among them, Science of The Total Environment has an impact factor of 10.753
and a citation frequency of 12,176, which is quite influential. Environmental Pollution has
an impact factor of 9.988 and a citation frequency of 1644. Environmental Research has
an impact factor of 8.431 and a citation frequency of 2323. They are among the most influential
journals in the field of the atmospheric environment. Next, Air Quality, Atmosphere & Health
has an impact factor of 5.804 and a citation frequency of 1115. Environmental Science and
Pollution Research has an impact factor of 5.190 and a citation frequency of 565. These
two journals are also influential in the field of the atmospheric environment.

Table 2. The top 10 most active journals in terms of publication.

Rank Journal Title TP TP (%) TC IF (2021) Subject Category of the Journal
1 Science of The Total Environment 203 11.39% 12,176 10.753 Environmental Sciences
International Journal of Environmental o . . .
2 Research and Public Health 140 7.86% 1368 4.614 Public Environmental & Occupational Health
3 Environmental Research 134 7.52% 2323 8.431 Environmental Sciences
4 Aerosol and Air Quality Research 125 7.02% 1384 4.53 Environmental Sciences
5 Sustainability 109 6.12% 542 3.889 Green & Sustainable Science & technology
6 Environmental Science and 89 500% 565 5.190 Environmental Sciences
Pollution Research
7 Atmosphere 81 4.55% 466 3.110 Meteorology & Atmospheric Sciences
8 Scientific Reports 75 4.21% 832 4.996 Multidisciplinary Sciences
9 Environmental Pollution 60 3.37% 1644 9.988 Environmental Sciences
10 Air Quality Atmosphere and Health 55 3.09% 1115 5.804 Environmental Sciences

Notes: TP = Total publications, TP (%) = Total publications (%), IF (2021) = Impact factor in 2021, TC = Total citations.

Journal co-citation is determined based on the number of times they are cited together.
Journal co-citation analysis can be used to classify journals on different topics and identify
the core journals in each category. This is very helpful for authors to understand the most
relevant and influential journals for a particular research topic [22]. In this paper, we use
VOSviewer to perform a co-citation analysis of the collected data according to different
sources, setting the minimum number of citations for a source to 200. The minimum
threshold can be adjusted according to the number of publications rendered and clustering
groupings. The color of the sphere represents different journal topics, and the size of the
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sphere indicates the number of citations. The total link strength then indicates the closeness
between journals.

The journals shown in Figure 5 have a significant impact on authors studying COVID-
19 and the atmospheric environment. Science of the Total Environment is the most-cited
journal, followed by Atmospheric Environment, Atmospheric Chemistry and Physics,
Environment Pollution and Environmental research. These journals are grouped into three
main groups: Environmental Science and Ecology (blue) includes science of the Total Envi-
ronment, Aerosol and Air Quality Research, Environment Pollution. Environmental public
health and Medicine (red) includes Environmental research, Lancet, International Journal
of Environmental Research and Public Health, Science. Meteorology and Atmospheric
Sciences (green) includes atmospheric Environment, Atmospheric Chemistry and Physics,
Environment Science & Technology, Journal of Geophysical Research: Atmospheres. The
medical journal The Lancet (202.731) and the comprehensive journal Science (63.714) have
higher impact factors. The more influential journal in the environmental field is Environ-
ment Science & Technology (11.357).
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Figure 5. Journal co-occurrence chart.

3.6. Research Keywords

Keywords are highly generalized and concise to the subject of a paper. High-frequency
keywords also reflect the research direction to some extent. The keyword density visualiza-
tion can be used to quickly observe the knowledge and research density of a certain field.
VOSviewer sets the minimum keyword frequency to 20 and gets a co-occurrence graph of
86 keywords after removing nonsense words. Each keyword in the figure will fill the color
according to the density of its surrounding keywords. The greater the density, the closer it
is to red; conversely, the smaller the density, the closer to blue. The density depends on the
number and importance of keywords in the surrounding area.

It can be seen from Figure 6 that in addition to air pollution and air quality, keywords
related to COVID-19 mortality and environmental factors, SARS-CoV-2 and meteorological
conditions also appear frequently.
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Figure 6. Keyword density visualization.

3.7. Keyword Co-Occurrence Cluster Analysis

VOSviewer takes a distance-based approach to visualizing bibliometric networks.
After the construction of the normalized network is completed, the keywords are positioned
to make the position of the strongly related keywords closer and the position of the weak
related keywords further away [23]. The keyword co-occurrence networks analyze the link
strength between co-occurrence keywords by studying their co-occurrence relationship in
many publications. Its purpose is to describe the internal composition relationship and
structure in a certain academic domain as well as to provide insights into the main research
themes of the domain [24,25]. The clusters group keywords that are frequently combined
in a set of keywords [26]. Different color spheres indicate different clusters, and the same
sphere color represents clusters that are consistent with the research topic. The size of the
spheres is proportional to the frequency of keywords. The lines between the keywords
reflect the strength of their relevance [27]. A total of 5630 keywords were obtained from
publications by setting the minimum keyword frequency to 20, and 86 keywords were
obtained after removing meaningless words. They were divided into three major clusters,
as in Figure 7.

(1) Air quality indicators (red) contain keywords “pollution”, “air quality”, “PM;5”,
“ozone”, “lockdown”, “NO,”, “particulate matter”, etc. Cluster 1 focuses on changes
in the atmospheric environment and air quality in the context of COVID-19 and
describes how lockdowns due to COVID-19 affect air quality.

(2) Meteorological factors affecting the spread of the outbreak (green) contain keywords
“COVID-19”, “SARS-CoV-2”, “temperature”, “transmission”, “humidity”, “weather”,
etc. Cluster 2 focuses on meteorological factors influencing the spread of COVID-19
and the special relationship between COVID-19 and environmental variables.

(3) Air pollution and human health (blue) contain keywords “air pollution”, “exposure”,
“mortality”, “health”, “pandemic”, etc. Cluster 3 focuses on the effects of air pollution

on human health and mortality.
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Figure 7. Keyword co-occurrence clustering.

3.7.1. COVID-19 and Air Quality

The COVID-19 outbreak has had a significant impact on almost every aspect of peo-
ple’s lives around the globe, resulting in a variety of direct and indirect impacts on the
atmospheric environment. Shutdowns or closures of factories have reduced the amount
of pollution, with an estimated 50 percent reduction in N,O and CO due to the closure
of heavy industry during China’s lockdown [28]. Restrictions on travel, reduced mobility
of people, and reduced transport and related activities have significantly reduced mobile
pollution sources and pollutant emissions. PM; 5, PM1g, CO,, and NO, concentrations have
all declined to various degrees during the lockdown period compared to those before the
lockdown [13,29,30]. Volatile organic compounds (VOCs), including benzene, are mainly
produced by vehicular traffic and other incomplete combustion processes that lockdown
has increasingly limited [31]. NO;, one of the main indicators of world economic activity,
shows signs of decline in many countries, including the United States, Canada, China, India,
Italy, and Brazil [1,28,32]. At the same time, reduced activities following the lockdown have
led to a broad reduction in greenhouse gas emissions. One estimate suggests that global
daily CO, emissions during the lockdown were 17 percent lower than the 2019 average [33].
It can be seen that the environmental conditions of various countries have changed greatly
during the COVID-19 pandemic, indicating that policy intervention has played a great role.

Different studies have shown that urban lockdowns have led to considerable improve-
ments in air quality. The positive impact of urban lockdowns on air quality is greater in cities
with larger economies, more industrial activities, and higher traffic volumes [33]. According
to data from the Meteorological bulletin of the atmospheric environment, the national average
number of haze days in 2020 and 2021 will decrease by 1.5 and 4.4 days, respectively, com-
pared with 2019. In 2020, the meteorological data of Shanghai during the lockdown period
and before and after the lockdown were consistent. The comparison of 14 trace elements
in PMj 5 found that the concentration of trace elements in most fine particles showed a “V”
shape trend, indicating that the lockdown measures had a significant impact [34]. Comparing
the air quality index (AQI) results before and after the impact of COVID-19 across India shows
that most pollutant concentrations (PM;g, PM3 5, CO, SO,, NOy) show different patterns of
gradual to rapid decreases [35,36]. A wavelet analysis of COVID-19 confirmed data and
weather data in California from 1 March to 24 May 2020 found that AQI and COVID-19
showed negative correlation circles during the observation period, suggesting that COVID-19
leads to better AQI and less environmental pollution [37].
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However, with the end of the lockdown and the resumption of normal activities,
pollutant emissions rebounded somewhat, and air pollution gradually returned to near
pre-COVID-19 levels. NO, NO,, and NOy all exhibit abrupt decreases at the time the United
Kingdom locked down. But the return of vehicles to the road during early lockdown has
already offset much of the air quality improvement seen when locked down [38]. Most of
the lockdown’s impact on the atmosphere is short-term, but changes in human activities
caused by the ongoing COVID-19 pandemic can also have lasting effects on the atmosphere.

COVID-19 has also had some adverse effects on the atmospheric environment, with
changes in O3 due to changes in NOy and VOC; emissions. The significant reduction of
NOy during the lockdown was the main reason for the significant increase in O3. Compared
with the same period of the previous year, O3 in most parts of the world showed various
degrees of increase during the epidemic lockdown period [39—41]. AQI results in some
parts of India comparing the 2020 lockdown period with 2019 show a sharp decrease in
NO; and an increase in O3 [13,35]. During the nationwide implementation of restrictions
in China in 2020, NOy generated during transportation decreased significantly (>50%), O3
concentration in the air increased significantly, and the atmospheric oxidation capacity
(AOC) in the Yangtze River Delta region increased significantly (up to 25%), which was
also a major reason for the increase of O3 level during city lockdown [14].

3.7.2. Meteorological Factors Affecting the Spread of COVID-19

Meteorological factors are unstable and diverse, and the impact of meteorological
indicators on the spread of COVID-19 is comprehensive and complex. Analysis of Canadian
meteorological data and COVID-19 confirmed cases for 2020 revealed a direct negative cor-
relation between air quality, temperature, humidity, and COVID-19 infection [42]. A study
of meteorological data and COVID-19 data in Istanbul and other regions also came to the
same conclusion that air quality and temperature significantly affect the number of COVID-
19 deaths in Istanbul [43]. In the same analysis of Wuhan, there was also a significant
agreement between AQI, humidity, and mortality rates. Humidity was negatively corre-
lated with related COVID-19 deaths [44]. Temperature is the only significant meteorological
indicator that has a significant correlation with the spread of COVID-19 [45]. Although
only in the short term, daily temperatures in Madrid, Spain, and California, the United
States show a negative correlation between COVID-19 outbreaks and death rates [37,46].
This means that temperature plays an important role in limiting COVID-19, suggesting that
temperature may help contain COVID-19. Overall, empirical results suggest that rising
temperatures may reduce transmission of the SARS-CoV-2.

Statistical analysis of confirmed COVID-19 data and local meteorological variables in
Manaus revealed that low solar radiation cycles may lead to increased COVID-19 deaths due
to reduced solar radiation. Dry spells may impair nasal functions that prevent viruses and
bacteria from entering the body, leading to increased mortality from COVID-19 [47]. A study
in Italy found that cities with high wind speeds had fewer COVID-19 infections, and inland
cities with low wind speeds and high air pollution had higher COVID-19 infections [48]. Low
wind speeds and high concentrations of air pollutants may contribute to the persistence of
virus particles in urban air and thus to the indirect transmission of SARS-CoV-2.

3.7.3. Air Pollution and Human Health

Air pollution is one of the biggest environmental threats to human health. It is
harmful to the human body in many ways, mainly in the form of respiratory diseases
and physiological disorders. It is of great practical significance to study the impact of air
pollution on aggravating COVID-19 infection in the population. People living in areas
with high levels of pollutants are more likely to develop chronic respiratory diseases and
infections with pathogens [49].

An analysis of the link between air pollution and COVID-19 in Indian cities found
an asymmetric relationship between PM, 5 and COVID-19 cases, where the positive impact of
PMj, 5 concentration intensifies the spread of COVID-19. Environmental pollutants CO, O3,
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and NO, are also positively correlated with confirmed cases and deaths of COVID-19 [50].
Atmospheric particulate matter, upon exceeding the satisfactory level, serves as an important
cofactor in increasing the risk of SARS-CoV-2 transmission and related mortality [51].

Data from Tehran also shows a significant link between COVID-19 mortality and ex-
posure to environmental pollution, with increased PM; 5 levels in the air likely to increase
SARS-CoV-2 mortality [52]. A similar study conducted in Germany showed that PM; 5,
O3, and NO, were significantly correlated with COVID-19 outbreaks [45]. In many Italian
provinces, long-term air quality data are significantly associated with COVID-19 cases, further
demonstrating that long-term exposure to air pollution may be an enabling environment
for virus transmission [53]. Data from Wuhan also points to an increase in deaths due to
poor air quality [44]. Environmental pollution is an important factor affecting the incidence
and death of COVID-19. Areas with higher levels of environmental pollution are prone to
respiratory syndrome, which reduces the immunity of residents and affects their susceptibility
to COVID-19 [54]. The mortality rate decreases more significantly in countries with high
levels of greenery than in countries with low levels of greenery. A good air environment and
a green environment are conducive to human survival and development [55].

4. Conclusions

At the beginning of COVID-19, many authors began to study the meteorological factors
affecting the spread of COVID-19 and the impact of air pollution on human health and
mortality, which is also a continuing hot research direction. Studies have shown that good
air quality, high temperature, and humidity are relatively adverse to COVID-19 infection.
Dry air may impair nasal functions that prevent viruses and bacteria from entering the
body, leading to increased mortality from COVID-19. Low solar radiation cycles may lead
to higher COVID-19 mortality due to reduced solar radiation [47]. Rising temperatures
could help curb the spread of COVID-19. Low wind speed and high concentration of air
pollutants may promote the persistence of virus particles in urban air, thus facilitating
the indirect transmission of SARS-CoV-2 [48]. People living in areas with high levels of
pollutants are more likely to suffer from chronic respiratory diseases and to be infected
with pathogens [49]. The higher the level of environmental pollution, the more likely it is to
affect the susceptibility to COVID-19 [54]. Understanding SARS-CoV-2 transmission under
environmental variables can help provide supporting evidence to healthcare policymakers
for formulating strategies to combat COVID-19.

Subsequently, there have been more and more papers on the impact of COVID-19 on
the atmospheric environment and air quality, which has become the hottest topic in the
field of the atmospheric environment under the impact of COVID-19. Obtaining sufficient
atmospheric environment data requires a time buffer, so papers on this topic appeared
relatively late. Air pollution is already a serious environmental problem. The COVID-19
pandemic has had a great impact on the atmospheric environment and improved the
atmospheric environment to a certain extent. During the COVID-19 pandemic, lockdowns,
travel restrictions, and reductions in industry, transportation, and related activities have
significantly reduced mobile sources of pollution and emissions of pollutants. The lock-
down has also led to widespread reductions in air pollutants and greenhouse gas emissions,
and considerable improvements in air quality. In general, the concentrations of the environ-
mental pollutants PM; 5, PM;g, CO,, CO, SO;, and NO; all declined to various degrees,
while the concentration of O3 showed an increasing trend. Studying the special and com-
plex relationship between COVID-19 and the atmospheric environment can provide new
insights for environmental managers to control good air quality and manage air pollution
under the impact of COVID-19.
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Abstract: (1) Background: The coronavirus disease 2019 (COVID-19) pandemic had overwhelming
impacts on medical services. During its initial surge, Taiwan was unique in maintaining its medical
services without imposing travel restrictions, which provided an ideal environment in which to
test if the fear of becoming infected with COVID-19 interfered with health-seeking behavior (HSB).
We tested this hypothesis among adults with acute complicated appendicitis (ACA). (2) Methods:
Adults with acute appendicitis were enrolled between 1 January and 30 June 2020 (COVID-19 period).
The first two quarters of the preceding 3 years were defined as a historical control group. Outcome
measures included the rate of ACA and the number of hospital stays. (3) Results: The COVID-19
era included 145 patients with acute appendicitis. Compared to the historical control (320 patients),
the COVID-19 era was significantly associated with a higher length of symptom duration until
presentation to the emergency room within >48 h (17.2% vs. 9.1%, p = 0.011), a higher incidence
of ACA (29.7% vs. 19.4%, p = 0.014), and a longer length of hospital stays (5.0 days vs. 4.0 days,
p = 0.043). The adjusted models showed that the COVID-19 period had a significant relationship with
a higher rate of ACA (odds ratio (OR) = 1.87; 95% confidence interval (CI): 1.23-2.52; p = 0.008) and
longer length of hospital stays (OR= 2.10; 95% CI: 0.92 to 3.31; p < 0.001). (4) Conclusions: The fear of
COVID-19 may prohibit patients from seeking medical help, worsening their clinical outcomes. The
surgical community should take action to provide scientific information to relive mental stress.

Keywords: health-seeking behavior; COVID-19; appendicitis; surgical care

1. Introduction

Health-seeking behavior is described as “steps taken by a patient who perceives a
need for help when he or she tries to solve a medical disease” [1]. In other words, health-
seeking behavior is the behavioral element of healthcare utilization and is conceptually
associated with clinicodemographics, socioeconomic status, access to healthcare institutes,
and the views and experiences of both the patient and medical provider [2,3]. Andersen
developed a serial behavioral model to elucidate the mechanisms associated with healthcare
utilization [2,4], defined as the quantity of people using healthcare services and estimated
by costs and medical visits [5].

The new variant of severe acute respiratory syndrome coronavirus disease 2 (SARS-
CoV-2), also known as coronavirus disease 2019 (COVID-19), first broke out in China in
December 2019 and rapidly spread worldwide [6]. As of 30 September 2020, 33.83 million
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confirmed cases and >1.01 million deaths have been cumulatively recorded worldwide
since the start of the pandemic according to the World Health Organization statistics [7].
The highly contagious potential of COVID-19 deepened the strain on healthcare institutes
and resulted in reduced healthcare utilization worldwide under a limited supply of medical
resources. Furthermore, patients with severe illnesses might be unwilling to visit a highly
contagious hospital due to their fear of being infected by the virus [8].

Acute appendicitis is not only one of the most common causes of acute abdominal
diseases in adults [9], but also one of the most common reasons for general emergency
surgery worldwide [10]. With the advancement of minimally invasive surgery, most
patients can recover early after a timely appendectomy [11]. However, the COVID-19
pandemic became a barrier to timely surgical treatment, which increased the ACA rate in
countries with compromised medical supplies [12,13].

Taiwan is very close to the coast of China and was predicted to be likely to experience
a high number of cases in 2020 due to the many flights that occur between the countries.
However, Taiwan surprisingly controlled its sporadic outbreaks of COVID-19 well by
implementing several public health responses [14] and did not suffer a shortage of medical
resources. As a result, it provides a unique environment in which to validate if health-
seeking behavior may have interfered with clinical outcomes even in a resource-unlimited
setting. In this study, we hypothesized that the mental panic caused by the COVID-19
pandemic may have worsened the clinical outcomes of patients. Thus, we aimed to analyze
the rates of uncomplicated /complicated appendicitis during the COVID-19 pandemic and
compare them with those of previous years.

The rest of this paper is organized as follows. Section 2 is the Materials and Meth-
ods, Section 3 is the Results, Section 4 is the Discussion, and Section 5 is the Research
Conclusions.

2. Materials and Methods

A retrospective study was conducted to review the records of adult patients with acute
appendicitis (>20 years) in one academic center during the COVID-19 epidemic period
from January to June 2020. Next, patients with acute appendicitis from the same months,
January to June, in 2017, 2018, and 2019 were considered as the control group. The same
interval every year was analyzed because a previous study demonstrated that the incidence
of acute appendicitis was associated with seasonal variation [15]. The exclusion criteria
were being pregnant or pathological findings of appendiceal tumors.

The data analyzed included clinical demographics such as age, gender, body mass
index (BMI), residence in Taipei/New Taipei City, body temperature measured at the
emergency room (ER), white blood-cell count (WBC), and the time interval from symptom
onset to ER arrival. The weighted Charlson comorbidity index (CCI) score was used to
account for the comorbidity burden [16,17]. Further, daily confirmed COVID-19 cases were
recorded to represent the severity of the pandemic. The primary outcome measures were
the occurrence of ACA defined as abscess observed in computed tomography, presence
of appendiceal perforation determined by surgical documentation, or a description of
gangrenous appendicitis assessed by pathological reports [10]. The secondary outcome
measure was inpatient length of stay.

Furthermore, the trend of the total number of surgeries (elective and emergent opera-
tions) during the study periods was analyzed to reflect the overall impact of COVID-19 on
surgical patients seeking medical services.

Statistical analyses were performed using the Statistical Package for the Social Sciences
(SPSS) version 26.0 software (IBM SPSS 26.0, Armonk, NY, USA). Continuous variables (age,
body mass index, time from ER visit to surgery, white blood count, and length of hospital
stays) were presented as medians with interquartile ranges (IQRs), and categorical variables
(gender, category of Charlson comorbidity index score, residence in Taipei/New Taipei City,
category of duration of symptoms until presentation to ER, body temperature > 38 degrees
Celsius, and appendectomy performed) were expressed as numbers (percentages). Categor-
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ical variables were compared using the Chi-square test or Fisher’s exact test (the numbers
were <5). Continuous variables between groups were compared using the Mann-Whitney
U test. The binary logistic regression model was used on associated variables to determine
the odds of ACA occurrence. Furthermore, a linear regression model was created to predict
the length of hospital stays. Statistical significance was assumed at p < 0.05.

3. Results

During the 26-week COVID-19 study period, 145 patients with acute appendicitis
were treated in our institute (Table 1). No patient was diagnosed with COVID-19. Among
them, 43 (29.7%) patients had ACA. The rates of appendectomy in the ACA and non-ACA
groups were 83.7% and 98.0%, respectively. Patients with ACA had a significantly higher
rate of body temperature > 38 °C (46.5% vs. 26.5%, p = 0.019) and a significantly higher rate
of symptom duration until presentation to the ER within >48 h (20.9% vs. 8.8%, p = 0.001)
in comparison with the non-ACA group. No differences were observed in the median age,
gender, BMI, or CCI score category between adults with ACA and non-ACA.

Table 1. Clinical variables among 145 adult patients with acute appendicitis during the COVID-19

outbreak.
Non-Comp.h-ca.lted Complicated Appendicitis
Appendicitis (N = 43) p Value
(N =102)

Age, year, median (IQR) 55.5 (36.8, 65.1) 53.3 (36.4, 65.5) 0.710
Gender 0.360

Female 46 (45.1%) 23 (53.5%)

Male 56 (54.9%) 20 (46.5%)
Body mass index, median (IQR) 23.0 (21.3, 25.2) 23.5(21.0, 25.1) 0.970
Charlson comorbidity index score 0.140

<2 97 (95.1%) 38 (88.4%)

>2 5 (4.9%) 5 (11.6%)
Residence in Taipei/New Taipei City 93 (91.2%) 38 (88.4%) 0.690
Duration of symptoms until presentation to ER, n (%) 0.001

<48 h 93 (91.2%) 33 (79.1%)

>48 h 9 (8.8%) 9 (20.9%)
Time from ER visit to surgery (hours), median (IQR) 11.0 (10.0, 14.0) 13.0 (11.0, 15.0) 0.190
Body temperature > 38 degrees Celsius 27 (26.5%) 20 (46.5%) 0.019
White blood count, 10° /L, median (IQR) 11.0 (9.0, 14.8) 10.2(7.9,11.7) 0.170
Appendectomy performed 100 (98.0%) 36 (83.7%) 0.001
Length of hospital stays (day), median (IQR) 4.0(3.0,7.0) 5.0 (3.0, 11.0) 0.080

ER: emergency room.

To determine the impact of the COVID-19 pandemic on the severity of appendicitis,
Figure 1 shows the association between the number of confirmed COVID-19 cases in
Taiwan and the distribution of patients with acute appendicitis. The majority of COVID-19
cases were diagnosed from week 6 to 16. The ACA ratio during the same period was
also increased.
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Figure 1. Weekly statistics for the number of adult patients with acute appendicitis (dotted vertical
bar), the number of cases of complicated appendicitis (solid vertical bar), and the number of confirmed
COVID-19 cases in Taiwan (dashed line).

For comparisons during the COVID-19 period, a control cohort comprising 320 patients
was identified over 18 months between 2017 and 2019 (Table 2). No differences were
observed between the two groups in terms of median age, gender, median BMI, category
of CCI score, and residence in Taipei/New Taipei City. The median WBC count (10.8 vs.
9.4 x 10°/L, p = 0.010) and rate of symptom duration until presentation to the ER within
>48 h (17.2% vs. 9.1%, p = 0.011) were significantly higher during the COVID-19 period
compared to the control period. Overall, a higher incidence of ACA (29.7% vs. 19.4%,
p = 0.014) and a longer median length of hospital stays (5.0 days vs. 4.0 days, p = 0.043)
were observed during the COVID-19 period.

To validate the association between the COVID-19 period and ACA onset, one binary
multivariate model was developed to predict ACA occurrence (Table 3), showing that
both the COVID-19 period (odds ratio (OR) = 1.87; 95% confidence interval (CI): 1.23-2.52;
p = 0.008) and symptom duration until presentation to the ER within >48 h (OR = 1.70;
95% CI: 1.06-2.36; p = 0.044) were significantly associated with ACA development. Further,
the adjusted linear regression model was used to predict the length of hospital stays
(Table 4), demonstrating that both CCI scores of >2 (coefficient = 2.51; 95% CI: 1.25 to 3.16;
p < 0.001) and the COVID-19 period (coefficient = 2.10; 95% CI: 0.92 to 3.31; p < 0.001) were
significantly associated with a longer length of hospital stays.
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Table 2. Comparison of clinical characteristics between adult patients with acute appendicitis during
the COVID-19 epidemic period and the preceding 3-year control period.

Control Period COVID-19 Period Val
(N = 320) (N = 145) p vatue
Age, year, median (IQR) 47.9 (33.4, 63.4) 55.2 (36.8, 65.4) 0.088
Gender 0.220
Female 172 (53.8%) 69 (47.6%)
Male 148 (46.3%) 76 (52.4%)
Body mass index, median (IQR) 23.0(21.0,24.7) 23.1(21.3,25.1) 0.210
Charlson comorbidity index score 0.690
<2 301 (94.1%) 135 (93.1%)
>2 19 (5.9%) 10 (6.9%)
Residence in Taipei/New Taipei City 290 (90.6%) 131 (90.3%) 0.920
Duration of symptoms until presentation to ER, n (%) 0.011
<48h 291 (90.9%) 120 (82.8%)
>48 h 29 (9.1%) 25 (17.2%)
Time from ER visit to surgery (hours), median (IQR) 10.0 (9.0, 13.0) 11.0 (10.0, 14.0) 0.340
Body temperature > 38 degrees Celsius 129 (40.3%) 47 (32.4%) 0.100
White blood count, 10°/L, median (IQR) 9.4 (7.6,11.6) 10.8 (8.9, 13.2) 0.010
Complicated appendicitis 62 (19.4%) 43 (29.7%) 0.014
Length of hospital stays (day), median (IQR) 4.0 (3.0, 6.0) 5.0 (3.0, 8.0) 0.043
ER: emergency room.
Table 3. Adjusted multivariate analysis used to predict complicated appendicitis.
Variables Odds Ratio 95% CI p Value
Age (every one-year increment) 1.01 0.99-1.02 0.245
Male gender (ref: female) 0.93 0.58-1.50 0.793
Body mass index 0.93 0.86-1.01 0.132
Charlson comorbidity index score > 2 (ref: <2) 1.38 0.58-3.28 0.459
Residence in Taipei/New Taipei City 0.76 0.40-1.42 0.395
Duration of symptoms until presentation >48 h (ref: <48 h) 1.70 1.06-2.36 0.044
Body temperature > 38 degrees Celsius 0.74 0.35-1.57 0.446
White blood counts 1.01 0.76-2.97 0.985
COVID-19 period (ref: control period: 2017-2019) 1.87 1.23-2.52 0.008
Table 4. Adjusted multivariate analysis to predict inpatient length of stay.
95% Confident Interval
Variables Coefficients p Value
Lower Limit Upper Limit
Age (every one-year increment) 0.16 —0.02 0.13 0.524
Male gender (ref: female) 0.64 —-1.93 3.21 0.627
Body mass index —0.15 —0.60 0.31 0.530
Charlson comorbidity index score>2 (ref: <2) 2.51 1.25 3.16 <0.001
Residence in Taipei/New Taipei City —3.05 —74 1.29 0.168
Complicated appendicitis 2.10 0.92 3.31 <0.001

On the other hand, the trend of the total number of surgeries during the study periods
is shown in Figure 2. The mean numbers of elective operations in the control period and
the COVID-19 period were 23,288 and 21,526 (p = 0.180), respectively, whereas the mean
numbers of emergent operations in the control period and the COVID-19 period were
4576 and 4601 (p = 0.650), respectively. Although both were not statistically significant, the
COVID-19 pandemic caused a more significantly decreased number of elective operations
compared to emergent operations. This implies that the COVID-19 pandemic not only
changed the behavior-seeking surgical services of patients without emergent needs but
also worsened the surgical outcomes of patients with emergent needs.
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Figure 2. The trend of total number of surgeries (elective and emergent operations) during the
study periods.

4. Discussion

The COVID-19 pandemic was the most concerning health problem in 2020 because
it caused not only health disorders but also extensive restrictions on people’s daily lives
worldwide. During our study period, Taiwan avoided the worst effects of the pandemic
due to its implementation of a broad public health infrastructure and domains of effective
screening, isolation/quarantine, and facial mask use [18]. Although Taiwan’s government
did not implement travel restrictions and its medical services were sufficient, this study
demonstrated that there were fewer elective operations compared to emergent operations
due to the pandemic. Further, a higher rate of ACA and a longer length of hospital stays in
patients with acute appendicitis during the COVID-19 period in comparison to the control
period were noticed. Notably, the number of confirmed COVID-19 cases was positively
correlated with the ACA rate. Therefore, patients’ fear of being contaminated by COVID-19
influenced their health-seeking behavior and worsened their clinical outcomes.

In our study, symptom duration from ER presentation to >48 h after was found to be
significantly associated with ACA, which was similar to the results of a previous report [19].
Prolonged appendicitis without prompt treatment might lead to more severe inflammation
of the appendiceal wall and result in perforation or abscess formation [20]. Furthermore, a
more significant association was observed between patients with acute appendicitis during
the COVID-19 period and ACA as compared with that in the last 3 years. Our findings
coincided with those of published reports on children [12,21] and adults [22].

In addition to the impact of clinical and socioeconomic determinants on outcomes,
poor health-seeking behavior has been proven to increase morbidity and mortality [23].
Patients’ behaviors should be understood at this level in order to improve their clinical
outcomes [24]. Based on our findings, one epidemic communicable disease could interfere
with the need to seek out medical services even in a resource-competent community. We
hypothesize that fake news or misinformation on social media may have caused people to
feel excessive fear, diminishing their willingness to travel and seek medical services [25].
Conversely, scientific information and medical knowledge can help to improve health-
seeking behavior, which in turn leads to a healthy condition [23]. While social media can
rapidly disseminate information, the spreading of false information can confuse and distract
people. Therefore, reliable evidence is a cornerstone for promoting health awareness
and implementing health policies, especially during the COVID-19 pandemic. Moreover,
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as educated scientists and physicians should be the leaders in delivering heath-related
information to the public [25,26], governments should implement anti-misinformation
actions to minimize possible adverse effects.

Although healthcare systems, disparities of medical supplies, and socioeconomic
status are the main barriers to medical services [27,28], the extensive health crisis that took
place during the COVID-19 pandemic may become an additional obstacle in providing
timely surgical intervention, a key aspect of any healthcare system with both elective and
emergency procedures. To overcome the shortage of medical supplies, healthcare systems
should aim to rapidly prioritize available resources and adopt new policies to deliver
clinical services [29,30]. Although surgical management varies widely according to the
regional culture and healthcare system, each institution has customized plans to maintain
appropriate surgical services to are sufficiently protect surgical staff.

Based on our experiences, surgical need declined during the COVID-19 pandemic
even if the outbreak was not severe in Taiwan. We allocated the members of surgical teams
to other departments in order to prevent infection and enable better care for patients with
COVID-19. During the study period, more than 24,000 man-hours of labor were provided
by our surgical teams. With this help, the workload of the departments in charge of care
relating to COVID-19 was partially relieved.

This study had some limitations. The study design was retrospective and it was
conducted in one universal healthcare system, which alleviated part of the barrier of access
to healthcare services. Second, the period from 1 January to 30 June 2020 was selected
because the spread of COVID-19 was more severe during this period. The use of different
study periods might lead to different results. Third, the referral policy was associated
with delayed medical visits but was consistent during the study period in Taiwan. Some
studies addressed the fact that general practitioners preferred to offer medical treatment
for patients with acute appendicitis without referring them to the ER [31]. Based on
our findings, the number of patients with acute appendicitis (145) was higher than the
average number during the control period (around 107). Therefore, we considered that the
number of patients who were not referred for or who received no medical treatment to be
rather low.

5. Conclusions

Based on our findings, the COVID-19 era had a significant relationship with a delayed
presentation to the ER and led to an increased rate of acute complicated appendicitis
in a community with normally functioning medical services and no travel restrictions.
Medical professionals play a key role in delivering accurate information and knowledge,
helping to eliminate panic, and encouraging patients to pursue medical attention promptly.
With the recommendations made in this study, the collateral impact of this communicable
disease may be partially alleviated. However, if the COVID-19 outbreak continues, medical
services will be further negatively affected. Under these circumstances, healthcare systems
should adopt other policies and rationally allocate medical resources in order to effectively
maintain medical services.
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Abstract: The coronavirus disease 2019 (COVID-19) outbreak in 2020 has led to several changes and
disturbances in the daily lives of the general public. Particularly for new (first-time) mothers, there
has been a significant impact on the practices of raising and feeding their babies. Social distancing
measures everywhere have made mothers hesitant to breastfeed their babies anywhere else but at
home. Combined with the fear of being infected with COVID-19, the present situation has created
unprecedented barriers for breastfeeding mothers to accessing various types of support: emotional,
instrumental, informational, and appraisal. There has been no research on the influence of the
pandemic on social support regarding breastfeeding in Hong Kong. This study aimed to explore
the social support and impact of COVID-19 on mothers breastfeeding their babies. Semi-structured
interviews were conducted with 20 currently breastfeeding women in Hong Kong. Colaizzi’s seven-
step method was used for data analysis. Two key themes emerged from the interview data: (1) positive
influences on breastfeeding support during COVID-19 and (2) negative influences on breastfeeding
support during COVID-19. Our findings may help mothers prepare to breastfeed their babies in
places other than their homes.

Keywords: burnout; COVID-19 pandemic; postnatal care; psychological distress; psychosocial support

1. Introduction

The coronavirus [SARS-CoV-2] disease or COVID-19 rapidly spread, infecting over
five hundred million people worldwide and causing over six million deaths [1]. People with
COVID-19, as an acute respiratory, disease may have varied symptom severity [2,3]. The
World Health Organization declared COVID-19 a public health emergency of international
concern in January 2020 [4,5]. According to studies, the low mortality rates of people
under 65 years, and those with no underlying health conditions, highlight that the death
rates are higher among individuals with clinical vulnerabilities [6-8]. There is a higher
predisposition to contract COVID-19 during the third trimester of pregnancy, and among
early postpartum women [9-11]. All of these women are advised to seek urgent medical
advice and care and stay at home to protect themselves and their babies, to prevent preterm
birth and pregnancy loss during the COVID-19 pandemic [12,13]. However, this vulnerable
group of women suffer a greater impact of COVID-19 during pregnancy compared to
other groups, especially during the final trimester [9,14-16]. The main impact concerns the
awareness of social support and the impact of COVID-19 on mothers breastfeeding their
babies, and the need to seek more understanding about how to provide better resources
and emotional support for those breastfeeding women, thus decreasing their stress and
improving relationships.
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COVID-19, Social Distancing Restrictions, and Postnatal Vulnerabilities

Although breastfeeding initiation rates are high in Hong Kong, where over 87% of
mothers initiate breastfeeding, only half of these mothers exclusively breastfeed their
babies [17]. Moreover, this 2019 survey reported that Hong Kong demonstrates a big drop
in the number of mothers who practice exclusive breastfeeding in the first two months
following birth, while the proportion of infants who are exclusively breastfed in the first
4-6 months is low [17]. In 2020, the Hong Kong Government increasing statutory maternity
leave to 14 weeks, and forbidding discrimination on the ground of breastfeeding, was a
new contribution to breastfeeding progress [18] and increased the number of Baby-Friendly
Hospitals to deliver the continuum of care that supports mothers to feed their babies
optimally [19]. Breastfeeding in public is still considered taboo; 40% of breastfeeding
mothers who fed their babies in public have encountered uncomfortable conditions [20].
However, breastfeeding in Hong Kong is hard; most of the women who discontinue
breastfeeding do not terminate voluntarily but due to breastfeeding issues, including the
lack of preparation for breastfeeding, in-hospital support services, post-natal support, and
public areas for breastfeeding [21,22].

With the higher transmissibility and risk of infection of the omicron strain, on 3 March
2022 [23] the Hong Kong Government strongly urged its citizens to abide by social dis-
tancing measures, to avoid going out, and to abstain from participating in unnecessary or
crowded activities and gatherings, such as religious or family activities. A similar stay-
at-home order was implemented by the United Kingdom Government [24]. This would
prevent the spread of COVID-19 and limit COVID-19 deaths in the community.

Studies have reported that pregnant women can easily be infected during
epidemics [25-27]. During the severe acute respiratory syndrome (SARS) outbreak in
Hong Kong [28], women described their psychological distress, such as frustration, anxiety,
sleeping disturbance, and interference in their daily lives. The postnatal period is an impor-
tant transition period for women and can alter many aspects of life, including the role and
identification of the infant’s mother, motherhood [29], lifestyle [30], mother-infant bonding,
confidence, and satisfaction [31]. Postnatal mothers may, in part, face an increased risk of
experiencing mental distress during the COVID-19 pandemic [32]. Hence, transitioning
into motherhood during COVID-19 presents unique stressors, which may worsen an al-
ready vulnerable period in a woman’s life [33]. The findings of a qualitative study that
explored the perinatal experiences of mothers during COVID-19, highlighted that virtual
consultations from healthcare professionals were viewed as impersonal and caused women
to feel too embarrassed to talk about their mental health concerns [34].

A web-based survey investigated the psychological experiences of women during
COVID-19 [35]. A rapid literature review on the impact of COVID-19 on maternal mental
health and perinatal mental health services, between October 2019 and September 2020,
indicated depression and anxiety levels among mothers before October 2019 as approxi-
mately 11% and 18%, respectively [32]. A percentage of anxious mothers attained above the
relevant cut-off for September 2020 indicated levels of depression (43%) and anxiety (61%)
in clinical settings. A large percentage of mothers felt worry and panic because they may
not have adequate support to fulfill their needs. There are only a few qualitative studies that
have assessed women'’s psychological experiences during the COVID-19 pandemic [36,37].
Most literature has focused exclusively on the higher transmissibility and risk of infection of
the omicron strain in Hong Kong [35-37]. Using qualitative research methods can provide
a richer and more in-depth insight into which elements of social distancing restrictions
have generated an impact on mothers’ emotional health. The experiences of women breast-
feeding their babies, while not being infected with COVID-19, have not been investigated.
Therefore, this study aimed to explore the in-depth experiences of this vulnerable group of
women during the COVID-19 pandemic in Hong Kong, with regards to their psychological
state, perspectives, feeding methods, personal life, the experience of home quarantine, and
the impact of COVID-19 on their mental health.
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2. Materials and Methods
2.1. Ethical Review

The participants were informed of the details of the study and informed consent was
obtained from all of them. Information about the study was provided to the participants
before conducting interviews, including its background, purpose, and procedure. Partici-
pation was voluntary, and all participants were informed that they could withdraw from
the study without any consequences. The confidentiality and anonymity of the participants
were strictly ensured through encryption. Only the researchers had access to the study data.
Ethical approval was obtained from the Caritas Institute of Higher Education, Research
and Ethics Committee (HRE210136).

2.2. Design

A qualitative research design was used and data were collected through individual,
semi-structured interviews, on the women’s psychological experiences with breastfeeding
their babies during COVID-19. The data were analyzed based on the phenomenological
methodology suggested by Colaizzi [38]. With this method, the researchers attempted to
understand the participants” subjective feelings and experiences by having them mentally
return to the situation itself.

2.3. Participants

The participants in this study were 20 women breastfeeding their babies in Hong Kong.
Purposive sampling was used, and to recruit participants our research team approached
peer support groups from online media platforms such as Facebook, and groups related
to mothers in Hong Kong, such as “Hong Kong Moms,” “Little Steps,” and “Mother
Kingdom.” The interviews were conducted by telephone or video calls (e.g., Zoom). The
research team members then individually followed up with the participants who showed
interest in participating in this study, who obtained our contact information (e-mail and/or
phone) through these online platforms.

All participants met the following inclusion criteria: (1) women having experiences in
providing their child with breast milk in any form (such as direct breastfeeding or using a
bottle to feed their babies with their own milk) at least once during the COVID-19 pandemic,
(2) women having lived in Hong Kong during the 12-month period as aforementioned, and
(3) women whose babies were within an age range of 0 to 12 months.

Individual interviews continued until data saturation was reached at the 17th inter-
view, after which no new information arose in the next three individual interviews. Table 1
shows the participants” characteristics. We enrolled 20 women between the ages of 22
and 46, with an average age of 32 years, who breastfed their babies during the COVID-19
pandemic. Among the participants, two women completed secondary education, nine
possessed a bachelor’s degree, three possessed a master’s degree, and six graduated with
a higher diploma. Regarding the breastfeeding period, 12 participants were first-time
mothers using different feeding methods, seven participants had two children, and one
participant had three children.

Table 1. Participant demographic characteristics.

All
Characteristic n=20
n 0/o
Age

<21 0 0
22-26 3 15
27-31 6 30
32-36 8 40
37-41 2 10
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Table 1. Cont.

All

Characteristic n =20
n %
42-46 1 5
>47 0 0

Education level
Secondary 2 10
Higher diploma 6 30
Bachelor’s degree 9 45
Master degree 3 15
Number of children

1 12 60
2 7 35
3 1 5

2.4. Data Collection

From December 2021 to February 2022, all interviews were conducted in Chinese by
the researcher (W.K.) at the participant’s preferred time schedule in a private password-
protected Zoom (Nasdagq, San Jose, CA, USA) meeting room. Each interview took about
60-130 min, and the same interview guide was always used to reduce variation in the data
collection process. In addition, field notes were taken during the interviews to facilitate
the collection of contextual information for data analysis. The interview guide questions
are presented in Table 2. An academic qualitative scholar and a psychological consulting
specialist were employed to form an expert panel to review and affirm the validity of the
interview questions. All participants” interviews were audio-recorded, with their written
consent. If the participant exhibited emotional distress during the interview, adequate
psychological support was provided to prevent further psychological harm.

Table 2. Interview guide.

Probing Questions

N

N S o

How did you feel when you were breastfeeding your baby during the COVID-19 pandemic?
How long have you been breastfeeding your baby? Other than breastfeeding, what other feeding methods have you

been practicing for your baby?

Have your feelings changed over time when you were feeding your baby day and night during the

COVID-19 pandemic?

Can you tell me how you coped with your own psychological needs concerning breastfeeding?
In what ways do you think your coping strategies have helped you on a psychological level upon

breastfeeding experience?

Do you think you are ready to stop breastfeeding, and what makes you think you should stop breastfeeding?
Recalling on your months of breastfeeding, what are your negative and positive feelings towards breastfeeding in your

experience during the COVID-19 pandemic?

2.5. Data Analysis and Trustworthiness

In addition, data analysis was conducted immediately after data collection using
NVivo Version 12, QSR International [39]. Two research team members (K.H.Y. and Y.C.Y.)
transcribed the interview tapes verbatim and, subsequently, translated all transcripts
into English. Back translation was undertaken by another team member (W.K.T.) and a
professional translator to ensure semantic equivalence. The data and field notes of all
interviews were organized systematically according to Colaizzi’s phenomenological analy-
sis method [38]. This method follows a seven-step approach to expose emergent themes,
namely (i) to familiarize the researchers with the collected data, (ii) to identify the signifi-
cant statements, (iii) to formulate the meanings and the use of reflection by the researchers,
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(iv) to cluster and define themes, (v) to formulate an exhaustive description, (vi) to create a
fundamental composition of the phenomenon, and (vii) to verify the exhaustive description
and fundamental composition [38].

In particular, all recorded interview data were transcribed verbatim and analyzed
throughout the data analysis process [38]. All the interview data included meaningful
statements and gave rise to different themes, which were independently reviewed by two
research team members (K.H.Y. and Y.C.Y.). They looked at all the analyzed data and
compared the subthemes, identifying the differences and similarities between them. The
authors of this study (K.H.Y., Y.C.Y,, and W.K.T.) discussed the results of their analyses
to reach a consensus. The study referenced the stringent criteria established by Lincoln
and Guba to ensure a high level of rigor in this study [40—-42]. It demonstrates how
each criterion regarding credibility, dependability, confirmability, and transferability was
achieved through member checking.

Given credibility in creating confidence that the results are accurate, true, credible,
reliable, and believable in: (1) prolonging and diversifying engagement with each com-
position, (2) having interviews with comprehensive process and techniques, (3) building
investigators” authority, (4) gathering all referential adequacy materials, and (5) having
peer debriefing sessions regularly.

Engagement through participant observation in the field was infeasible at the time of
this research. There was a strict “multi-household gatherings at private premises” policy (as
imposed by the Government of Hong Kong Special Administrative Region) that prohibited
more than two households and groups gathering in the community. This policy was to
prevent the spread of the virus to the community. However, several participants from
different living and working venues were approached through peer support groups that
had regular communications about the research with the authors’ affiliated institution.
After being granted ethical approval of this study, the interview guide was assessed at
two induction meetings. Two pilot interviews via Zoom were performed, and these
two interviews’ data were also integrated in the final data analysis. All research team
members had the required data management skills, knowledge, and practical experience
and involvement of more than 4 years in qualitative research to conduct their roles.

Furthermore, field notes were applied as a tool to analyze the transcripts and utilized
to aid the documentation of the contextual information mentioned by the participants
for accurate data analysis. Moreover, the research team members were scheduled for
debriefing sessions held regularly at 2-week intervals with the Fellows from the Hong Kong
Academy of Nursing, to guarantee that there were no taken-for-granted biases, attitudes,
perspectives, or assumptions on the part of researchers.

Enhancing dependability to guarantee the results of this qualitative inquiry would be
duplicable if the inquiry existed within the same cohort: (1) to apply rich description of
study methods, (2) to set up an audit trail, (3) to progress in a series of distinct stages in the
replication of data.

The research team tried to present the study methods in detail and clearly in the
research papers; they set up a detailed track-record of the data-collection process by all
research team members. Additionally, to ensure the validity of the accounts from the par-
ticipants, member-checking was conducted to enhance the clarity of the meanings derived
from the participants. Research team members read the transcripts to the participants via
telephone to clarify the interpretative meanings. It provided participants the opportunity
to recognize and accept their narrative contributions, once they have been put into the
research report in rough and final draft forms. All research team members appraised coding
accuracy and inter-coder reliability throughout the data-analysis process.

Confirmability was maintained by empowering confidence that the results would be
confirmed/corroborated by other researchers; it had self-reflection and reflexivity. This
approach evaluates reflexive journals and weekly investigator meetings were applied.

Moreover, transferability was enhanced by developing the degree to which the results
can be summarized/transferred to further contexts/settings; it was achieved through data
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saturation and possessing thick description. This approach comprised two main issues:
(1) data saturation was satisfied when no new themes appeared from the participants; all
research team members gained a consensus on the attainment of data saturation; (2) lengthy
description was presented in the quotes of the participants, such that the meanings of the
narrative statements from the participants could be translated and interpreted in context.

3. Results

Using phenomenological methods, we explored the psychological experiences of
women breastfeeding their babies during the COVID-19 pandemic. Two themes were
identified from our observations (summarized in Table 3).

Table 3. Themes and subthemes of the study.

Themes Subthemes

Mothers’ Desire for Support
COVID is Not All bad for Mothers

Absence of Close and Personal Professional Coaching
Negative influences on breastfeeding support during COVID-19 Mothers Being Forced to Focus on Breastfeeding
Mothers Going Back to ‘Normal’ Life

Positive influences on breastfeeding support during COVID-19

3.1. Theme 1. Positive Influences on Breastfeeding Support during COVID-19

Participants were asked a series of questions about their daily activities and how they
cared for their child while breastfeeding during the COVID pandemic, including how
various personal protective measures and restricted movement to curb the spread of the
virus had affected their breastfeeding and motherhood experience.

3.1.1. Mothers’ Desire for Support

Participants described both positive and negative breastfeeding experiences due to
the COVID-19 pandemic. They did not generally tend to need support for steps toward a
good breastfeeding latch. However, regarding empathic and understanding support, they
had established friendships and peer support groups to share their questions or concerns
related to breastfeeding and caring for the baby, which, in turn, aided their ability to be
open and frank. Some participants tried to search for more information, including special
Chinese traditions recommended for postpartum dietary practices during this period.

“As a breastfeeding mother, I recognize that I need a lot of support in the early
stages of feeding. Thank goodness my son has grown up and I do not need any
support during COVID-19.”

“In that time, I felt alone. She (breastfeeding mothers from peer support groups
via online platform) felt like someone who is close to me and gives me all expe-
rience that I need. It was almost like we were friends. I did not even know her
face-to-face. However, I really valued what she said; I would call it a friendship, I
would think.”

“If I had a young child and was without any support, I would think hard to
decide if I should continue breastfeeding. I am lucky to have joined the ‘Hong
Kong Moms,” which is an online social platform group for breastfeeding mothers.
I came across other breastfeeding mothers in this baby group in this online social
platform during COVID-19. I mean it is different because I know I am talking to
someone whom I only know by their nickname, someone who has experienced it
on some level, which I think is very important, and is helpful with different kinds
of advice and neutral opinions, such as how to deal with their own disasters.
Besides, being anonymous, I think, was also important. It was nice to have that
support ... I have searched some interesting new ways of ginger vinegar soup
and pig’s trotter (delivering service), online or by phone, which I shall continue
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to establish and use in the future. I do not need to worry about it all, and take my
time for rest.”

“In the mothers’ group, we would chat mostly about breastfeeding, although we
also chatted about other topics. They would inquire how my baby was sleeping
and provided help that way; they were reliable. The other mothers in my mothers’
group were coping with their own catastrophes. It was wonderful to have that
support.”

During the analysis of other interviewees’ responses, the findings relating to many
subthemes expanded. It was interesting to note how a similar issue that took place for
various interviewees could often be interpreted as either positive or negative, depending
on the individual and their perception of the circumstances.

Some participants described that they had more privilege in their living environments
without financial burdens. They enjoyed the breastfeeding journey with a better living
environment and family support, which impacted the health outcomes of breastfeeding
and baby care. With a shift in the mindset of men toward family care, some participants
reported that their partners were willing to stay at home longer to take care of their newborn
babies. Some fathers were granted paternity leave and spent extra time to support their
spouses in breastfeeding and maternal recovery, both physically and emotionally. Some
participants’ partners were working from home and could spend more time being present
than if they were out at work all day. This shared and collaborative care increased the
bonds between partners and their babies, and strengthened the relationship between the
parent and infant:

“My husband is working from home because of COVID-19 and has taken 10 days
off. He enjoys so many special moments with us every day. He can help with
diaper changes and baths, take care of our baby, and let me sleep when I need
it ... Our family lives in a house of two floors. My husband slept in the other
bedroom. He is afraid of affecting my rest and lets me have enough space to rest
and exercise. Maya (Filipino domestic helper) also helped to cook lot of ginger,
eggs, and chicken to increase the nutritional content in my diet. Basically, my
husband and I share every little bit of happiness that is happening in our lives.
The two of us have been here with each other for the baby, which means I have
more time to focus on breastfeeding our baby.”

3.1.2. COVID-19 Is Not All Bad for Mothers

Some participants stated that during the social distancing period, they could only
allow a few visits from their friends and relatives to greet their newborn babies. They could
therefore relax at home and spend more time attending to their babies, and rest instead
of entertaining many friends and relatives eager to see their babies. Besides, with fewer
visitors, there was less unsolicited advice, and the mothers could focus on their own way
of breastfeeding their babies:

“Oh! I recall being overwhelmed by my family and friends visiting me and my
son during the first to fourth weeks after giving birth to my first son. They felt
that I did not know how to breastfeed my son because my son often burst into
tears. When they wanted to help comfort my son, I was often unable to react at
that time. As such, my son could easily become irritated most of the time, which
was not good for his mental growth. At that time, I especially felt a lot of pressure
from my grandma and I needed to supplement my breastfeeding with formula
milk. Now that I am breastfeeding my second son during COVID-19, I do not
have that stress, and this time I can really feel the enormous difference in feeding
him and my mental health.”

Several participants expressed that during the period of social distancing, they could
experience a slow pace of life. There was no place to go and hence, they would have all the
time to focus on how and when to breastfeed their children. Some participants, especially
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those who were struggling with the pain of bleeding nipples, breast engorgement, stress,
and anxiety, welcomed this peace of mind. They believed that before social distancing, they
would be busy going out and meeting friends and family to introduce them to their babies.
As they would still be experiencing the pain and pressure of visiting friends and family,
they would rather stop breastfeeding.

“I find it very difficult for me as a breastfeeding mother because I have breastfeeding
problems, such as bleeding nipples, tearing, and a lot of pain. Having been home
for maternity leave because of COVID-19, I was able to spend time to focus on
breastfeeding; my daughter is the only reason I persist in continuing breastfeeding.
I'am having a lot of visits from family, mom, or other friends and I need to put up
with the stress that they cause to me. If it were not for the COVID-19 pandemic to
reduce social gatherings, I am not sure I would be successful in breastfeeding my
little daughter. I now have had six weeks of feeding!”

Coupled with the aforementioned factors, most participants were also concerned
about maintaining their own privacy during breastfeeding. All participants were Chinese,
and the common reason they had for stopping breastfeeding sooner than planned was the
discomfort and embarrassment of feeding in front of somebody else.

Participants expressed that they felt at ease at home. On the contrary, they were
embarrassed and uncomfortable breastfeeding their baby this way outside, in front of
visitors, or in public. Several participants were accustomed to feeding their baby on a
comfortable chair, shirtless, and through a lot of skin-to-skin contact with the baby. This
allowed them to gain breastfeeding confidence to position and support their baby for a
good latch, the most natural and beneficial activity for the mother and baby.

“Not having family and friends visiting me after giving birth to my baby has
allowed me time to practice how to breastfeed my daughter without having to
worry about people coming, and not being able to go out during the COVID-19
pandemic has given and enhanced my confidence in breastfeeding. Having said
that, I am scared and do not have faith to take my daughter to shopping malls
and parks and feed her in public. I think there should be suitable and appropriate
facilities for privacy for breastfeeding in the malls and parks before I breastfeed
my daughter in those areas.”

During the COVID-19 pandemic, participants felt that they had extra time without any
pressure regarding breastfeeding. They could perform more natural feeding in responding to
hunger cues and satiety from their baby, rather than following a mother-led routine. Some
participants also appreciated the additional help from healthcare professionals via online com-
municating support systems, granted without social isolation during the COVID-19 pandemic.
Participants stated that they breastfed their babies more often due to no planning in their daily
activities; for instance, they did not need to plan things like going out to work on time or getting
home quickly. This positively affected perceptions of milk supply by mothers and increased the
early weight gain of their baby.

“I am working from home during COVID-19, so I have more time to focus on
feeding my little princess as and when she wants to be fed, and not feeling rushed
because I do not need to go anywhere ... It was nice to have somebody who
could maybe talk through text-based communication on mobile applications. I
really valued that this support was able to listen and understand what I said.
They can absolutely direct me to correct information without any confusion.
Moreover, through interactions, I had no feelings of social isolation, and it also
helped me relax.”

Some participants stated that their return to work after maternity leave collided with
the worsening of the COVID-19 pandemic. Some companies allowed employees to work
from home. This relieved the mothers” worries about sending their babies to a nursery, or
asking family members to take up babysitting while they were away for work. The mother

112



Int. J. Environ. Res. Public Health 2022, 19, 9511

could have more intimate contact with her baby and more breastfeeding; hence, the baby
could have more breast milk rather than formula milk. The participants also felt relaxed
under such work arrangements.

“I am going back to work next Monday after maternity leave, and I do not actually
know what uncontrollable circumstances this will bring. Despite the public panic
of the COVID-19 pandemic, it is unlikely I will not be at work. This means relief
from anxiety, and I can continue my breastfeeding because after maternity leave,
the company allowed me to work from home, so I am still at home. I do not need
to ask my mother to come over to my house to take care of my daughter. At
the same time, I do not need to worry about pumping breast milk as reserve for
feeding my daughter.”

3.2. Theme 2. Negative Influences on Breastfeeding Support during COVID-19

Various participants explained the pessimistic impact on their own breastfeeding
experience during the COVID-19 pandemic.

3.2.1. Absence of Close and Personal Professional Coaching

During the stay-at-home requirement during the COVID-19 pandemic, most mothers
with first babies came across a common problem of having less counseling support in
breastfeeding. Instead of healthcare providers standing close by during breastfeeding, the
participants could only describe their difficulties through phone calls and online messaging.
They could not come near, observe, and note the incorrect breastfeeding steps or practices
of the new mothers. This is considered a significant barrier for first time mothers to start
breastfeeding. The new mothers were concerned about the lack of personal support and
only having support through phone calls.

Most participants really missed having someone who could look at what was happen-
ing and help them make small changes to improve their breastfeeding. This feeling meant
that the participants lacked close and professional coaching during breastfeeding. They
expressed a sense of sadness, anxiety, and unhappiness at losing the idea of breastfeeding
they hoped to have.

“The breastfeeding class was cancelled due to the COVID-19 pandemic. He is
my first child; I have no experience at all. I feel I am not breastfeeding properly. I
do not know what to do, I am depressed and retarded, and I am scared that my
baby needs to lose weight. I do not stop using my mobile phone to search for
a lot of information via the Internet. I do not know if it is right or wrong, and I
am afraid that my baby will be infected with COVID-19. I am experiencing great
levels of anxiety, stress, and uncertainty ... I cannot have a get diagnosis due
to the current situation. I am also experiencing a lot of pressure from the stress
that my baby might have to be hospitalized because of his excessive weight. This
has been a very difficult process, and I have been in great pain and confusion.
Three days since we have returned home, we have received no further support. I
was crying on the phone when asking for help from the medical support. I prefer
face-to-face coaching and guidance. Hands-on demonstrations could also help
me to learn the position for holding my baby properly for breastfeeding. It is
more effective than a Zoom video call on a mobile device ... My fear is that I will
look back with unhappiness on what I have endured during this time. I think the
trauma will be ongoing and far-reaching.”

A typical housing phenomenon in Hong Kong involves many underprivileged people
living in tiny “coffin homes” (accommodation in a living unit subdivided into smaller
units, each of not more than 150 square feet). Poor living environment, lower educational
level, and economic burden impact the emotional stress of participants” continuation of
breastfeeding and affect baby care. Maintaining social distancing among the residents of
these “coffin homes” is impossible, and mothers with newborn babies were concerned about
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becoming infected with COVID-19 easily. Further, due to social distancing restrictions,
some participants felt that medical support was becoming remote and only available
through online messaging or phone calls.

“My husband is a hawker with leg amputation, and I have a huge financial
burden of the family. Contrarily to other families, I have only obtained secondary
education level without any professional qualification. Everything made me
afraid and anxious, and I do not know how to express. After the completion of
my maternity leave, I must return to work as soon as possible. I do not think I
would have continued breastfeeding; it was a really big impact for me ... I was
so stressed because I could not convey and do not know how to convey. Having
been seriously disturbed by COVID-19 now, I need to stay in my tiny coffin home
with my baby, which is making me worried and anxious, fearing that my baby
and I will be infected. I also avoid going to the Maternal and Child Health Center
for routine health checks. So, I have not been seeing nurses and receiving their
coaching on breastfeeding for a while. I did not realize there was any support
elsewhere ... My failures in breastfeeding made me feel very frustrated; tears
always streamed down my face at night.”

Many participants mentioned that during social distancing restrictions, they could
not get together and have physical meetings with other breastfeeding mothers’ support
groups. They stated that they wished to connect with others by sharing their experience
and seeking support for their breastfeeding. Some participants felt they were alone in the
process. Certain participants reported that they were isolated and lacked the emotional
support and care from their family members. This was harmful to their physical and
psychological health.

“Although my husband was by my side, I still value the presence of my mother
accompanying me. My mother was amazing and a strong supporter of breastfeed-
ing. I really hoped she could come to visit me after my son was born. However,
in the current situation, she stays in Mainland China and cannot come. Despite
being on WeChat [video message], it is not the same as having my mother by
my side. I feel like [I and my baby] need her, not just for help, but for emotional
support. I also struggle and feel depressed. It seems everything is becoming
difficult and frustrating. On the other hand, I want to participate in peer group
activities and receive face-to-face support. The lack of support for everything
really makes me sad. It is not what I expected. I read a lot of breastfeeding
information before my son was born. I could not, however, receive the support I
thought would be available.”

However, some participants recognized that staying at home with other toddlers
helped reduce some pressure. Others found that although there was no need to take their
older children outside, they would still need to help them with online learning (homeschool
via Zoom). These daily issues intimidated participants with regard to breastfeeding. Some
participants had partners working long hours outside, and who were not able to provide
support and help with household chores or caring for the babies. Since the suspension of
flights from the United Kingdom to Hong Kong, one participant expressed:

“My mum was not able to fly back and help me with my little son.  now have
much less time to focus on breastfeeding. My partner is an A&E (Accident &
Emergency) doctor who works from dawn to late night, and sometimes 24 h or
more depending on how the workload in the hospital develops. I am at home
with an energetic six-year-old boy, who now usually attends classes via Zoom
(video message) at home because face-to-face classes are suspended. I do not have
time to express my feelings and sometimes I do not even have time to breastfeed
my younger son because I feel that I also need to focus and take care of my older
son and simultaneously take care of all the household chores. I feel that most of
the time, I am like a single mother. In the first three months after the birth of my

114



Int. J. Environ. Res. Public Health 2022, 19, 9511

first son, my mother and sisters returned from the UK to help me at my home.
Now, due to the pandemic, I do not have family or friends to help me or to help
take care of my elder son so that I can have time to focus on the baby.”

3.2.2. Mothers Being Forced to Focus on Breastfeeding

During the height of the COVID-19 pandemic, compared to other participants who
preferred having more or enough time for breastfeeding, several participants felt just the
opposite. As they had nowhere to go and not many things to do, they could focus their
attention on breastfeeding their babies. Some of them were eager to have a break and do
other things to divert their attention.

“My little princess and I were afraid of being infected as if we were in confinement.
My focus on breastfeeding is very strong. This, in turn, makes me resent it because
it feels like my day revolves around it.”

Breastfeeding is a biological norm; some people still avoid having the taboo of breast-
feeding in public, and mothers are still being forced to pump in toilets or storerooms in
some shopping malls in Hong Kong. Several participants try to escape complaints or
unpleasant experiences of breastfeeding in public; rather, they selected breastfeeding their
baby at home.

“I fear men might see. They would image my breasts to seduce ... I do not want
to breastfeed my baby uncovered in public. Now, during the pandemic, I think it
is a good and the best option for me and my baby; I have had a pretty warm and
free space for breastfeeding at home.”

3.2.3. Mothers Going Back to “Normal” Life

Different participants had varying views on breastfeeding during the pandemic. Some
participants would rather not conduct breastfeeding anywhere except at home. Some par-
ticipants were concerned that they might miss the unique experience of breastfeeding and
lack the opportunity to share the experience and exchange their knowledge of breastfeeding
with other new mothers. One of them said that she was anxious and lost in not knowing
what will happen in the future, once the COVID-19 pandemic is over.

“If there is a chance, I can breastfeed together with other like-minded mothers
in public places, such as the Maternal and Child Health Center, not only in
my home. Everyone can share with and coach each other on how to get into
the correct position to conduct breastfeeding in various situations and different
circumstances. It is a pity that there is now no such get together for happy
hours and support. I feel lonely. I do not know how to breastfeed my baby with
confidence in public. As such, I might give up breastfeeding earlier than I have
planned.”

Some participants resumed work soon after giving birth to their babies. During the
pandemic, they were required to work from home. They would have to breastfeed their
babies during working hours. In view of the inconvenience and disturbance that this may
cause to work, this was an influencing factor for working mothers to give up breastfeeding
early. The experience of one participant, who worked in the Accident and Emergency
Department in a hospital, was different from those working at home. She stated that she
was buried in her work and was required to wear personal protective equipment (PPE) all
the time. She was tired, stressed, hot, sweaty, and dehydrated, with no time to rest. This
participant could feel her engorged breasts and discomfort and had less milk.

“I work in the A&E unit, and in order to maintain infection control safety mea-
sures, I am required to wear PPE all the time. As I do not want to waste the PPE
stock, I try to drink as little water as possible to avoid going to the toilet during
my shift duty, and hence do not need to change my PPE. I am feeling helpless
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because of work affecting my breastfeeding planning. I feel like I am pumping
less milk at the moment.”

4. Discussion

The current study used a phenomenological approach to explore women’s psychologi-
cal experiences of breastfeeding during the COVID-19 pandemic, specifically in relation to
how social distancing measures affected their baby feeding decisions. Two major themes
demonstrated how different psychological and difficult experiences emerged in maintain-
ing breastfeeding, alongside the impact that social distancing measures created for them.

The World Health Organization assured mothers that breastfeeding in public is safe,
with suitable infection control measures during the COVID-19 pandemic [43]. However, the
taboo around breastfeeding in public places in Hong Kong [20] remains. Some participants
of this study reflected their worries about breastfeeding newborns while being infected
with COVID-19. It is, therefore, important for policymakers to collaborate with healthcare
professionals to advance information on social media that helps encourage mothers to
continue breastfeeding their babies, despite the worsening COVID-19 situation.

Breastfeeding mothers have been required to face the COVID-19 pandemic and suffer
from anxiety [44]; therefore, there was impeded access to healthcare services, with individu-
als avoiding hospitals and canceling their healthcare appointments [45,46]. The participants’
dialogues in this study, as in some other studies, demonstrated that breastfeeding protects
maternal and infant health in both the short- and long-term [47-52]. Moreover, breast-
feeding protects against infections, providing passive and long-lasting active immunity.
Both physical and psychological aspects of mothers are affected by breastfeeding, such as
reducing the risk of inflammation, improving sleep distress, and reducing psychological
distress [53-55]. The findings of this study also indicate concerns regarding their experi-
ences during the COVID-19 pandemic; their mental health is safeguarded when they fulfill
their breastfeeding goals [47-55]. Conversely, the mothers’ feelings of grief, depression,
and trauma increase if they cannot meet their breastfeeding goals.

The findings of this study also demonstrated the mothers” willingness to discontinue
breastfeeding during COVID-19 due to the lack of direct support and reassurance from
healthcare professionals, and their relatives. During this critical period, mothers with
younger babies are likelier to face varying difficulties and feel uncomfortable with regards
to breastfeeding, thus being more likely to discontinue breastfeeding [56,57]. In addition,
breastfeeding mothers with older babies expressed that the lack of face-to-face inquiries
and support also affected them during the pandemic [58,59]. To avoid contact with other
people due to social distancing requirements, breastfeeding mothers expressed that they
had negative feelings and stayed at home with limited social contact with people, resulting
in declining social opportunities and support services [59]. It is vital to provide professional
peer and healthcare support, and communication, during the early weeks of breastfeeding
for mothers and their babies, to enhance successful breastfeeding [60-63]. During the early
weeks of breastfeeding, participants of this study who particularly required care terminated
breastfeeding due to an absence of practical, emotional, professional peer and healthcare
support, and social gatherings. Some participants were also dissatisfied and blamed
social distancing requirements during COVID-19, which affected their decision not to
continue breastfeeding. Previous studies reported breastfeeding mothers had an increased
risk of postnatal depression [64—67]; our analysis showed few participants planned to
extend breastfeeding for a longer time. Importantly, clinicians should track the effects
of breastfeeding duration on subsequent physical and mental health outcomes in this
population group.

There seems to be a more pressing need for support for those women who are unable to
achieve their breastfeeding goals, or who are struggling with a lack of support [68,69]. Studies
reported increasing rates of perinatal depression associated with the COVID-19 lockdown
in countries worldwide [64,70,71], including worry about health for both mother and baby,
professional healthcare support deficits, economic burden effects, strict controls on movement,

116



Int. J. Environ. Res. Public Health 2022, 19, 9511

and social isolation. Policymakers must devise ways to provide holistic support to mothers,
babies, and their families whenever they require it [72,73]. According to this study’s findings,
the experiences of participants during the COVID-19 pandemic were significantly unique and
different. There was an optimistic perception, with most of the participants stating that they
had an optimistic impact on their experiences of breastfeeding. They were forced to focus
more on breastfeeding their baby during COVID-19 and ensuring social isolation. Participants
expressed that they could access enough things for breastfeeding support, such as increasing
breastfeeding time for mothers and their babies, had fewer disturbances, kept away from
unpleasant opinions, and had extra communication time with supportive partners [65,74,75].
We believe that traditional beliefs and postpartum practices in mothers worldwide mainly
involve direct care, dietary intake, and sufficient rest [76-79]. However, it is very important to
pay attention to mothers” mental health during the current pandemic.

Some studies state that mothers living on low incomes, due to poverty caused by
housing factors and lower education levels, are more likely to discontinue breastfeeding in
the early weeks [80,81]. Breastfeeding mothers are required to cope with more problems
and have less support within the current pandemic. The findings of our study indicated that
participants without a bachelor’s degree described having a more undesirable perspective
of the lockdown and faced unnecessary hurdles while breastfeeding, especially those who
had less support in their living environments. Housing factors, like tiny, sky-high, and
dense living spaces, influenced mothers in poorer families who had fewer perceived good
parenting qualities, affecting mother-baby relationships [78]. Based on the participants’
experiences, the disadvantages of living circumstances and low educational qualifications
both affected successful breastfeeding.

An optimistic impact was observed in participants of this study who were more privi-
leged in their living circumstances, such as having more spacious homes, access to plenty of
verdant spaces for exercise and rest, and fewer economic worries. Different components of
living circumstances affect the health outcomes of breastfeeding and baby care. Past studies
show that mothers having difficulty with the milk ejection reflex showed an association
with stress and lactation [82-84]. While mothers with poor living circumstances experience
higher levels of emotional stress regarding lactation, mothers without living space problems
may perceive breastfeeding as a unique and satisfactory experience. Mothers with poor
living conditions may experience, for example, the effect of postnatal depression, financial
problems, emotional stress, and social isolation during breastfeeding, making the care for
their baby more difficult [85,86].

Policymakers, healthcare professionals, and practitioners have been challenged to
support a range of creative and resilient responses to strengthen the provision of breast-
feeding for both mothers and their babies during COVID-19 [85]. To prevent transmission
of the virus, and any other hurdles, behavioral support must be provided for all mothers
in terms of positive and accurate information through in-person and telephone services,
including telehealth formats through the internet, peer group support, and community
resources. Some participants prefer to have more accurate messages through face-to-face
breastfeeding support, rather than online delivery support services.

Limitations and Future Directions

This study is limited as recruitment occurred from support sites; therefore, their
experiences do not necessarily represent mothers in general. The research provided strong
evidence that social distancing and social isolation, due to Omicron in Spring 2022, have
had an adverse cumulative health impact on breastfeeding mothers, both physically and
mentally. We used telephonic and Zoom interviews to collect data, which is an increasingly
common approach during the COVID-19 pandemic. Nevertheless, our sample excluded
participants with significant emotional stress, or a lack of internet connection, which are
important factors for discontinuing breastfeeding during the early weeks, according to our
findings. While a qualitative study addresses a small group of participants, the findings of
our study were not intended to generalize but to explore how mothers understood their
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perceived reality during the COVID-19 pandemic with regards to practical preparation for
breastfeeding, taking care of their child, and supporting their families. Thus, it would be
advisable to carry out similar studies in other contexts, such as for different geographic
and cultural groups of mothers, to acquire a more thorough understanding of this issue.

5. Conclusions

This study used a qualitative approach to explore social support and how COVID-19
impacted mothers breastfeeding their babies during the COVID-19 pandemic in Hong
Kong. An analysis of the results showed various positive and negative effects on breast-
feeding mothers due to social distancing and social isolation, and different social economic
factors, together with their complicated feelings particularly affecting breastfeeding moth-
ers’ feelings of guilt, anxiety, and depression. This occurrence may introduce potential
risks to breastfeeding if mothers cannot meet their breastfeeding goals. The results also
indicate that policymakers and healthcare professionals should implement tailored strate-
gies to support new breastfeeding mothers, their babies, and families to better prepare
them, particularly among socioeconomically disadvantaged groups, to breastfeed in places
other than their homes during the pandemic. Further studies should focus on suitable
psychological interventions aimed at instilling positive emotions in breastfeeding mothers,
alleviating negative emotional states, and protecting their wellbeing in Hong Kong.
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Abstract: Vaccination is crucial for preventing the spread of COVID-19. Vaccination for COVID-19 was
implemented in Japan in community units, and community pharmacists were engaged in vaccine
preparation. Capturing the knowledge, attitudes, and practices (KAP) of pharmacists regarding
COVID-19 infection control is important for developing future community health action strategies
and plans. We conducted a cross-sectional study among 141 pharmacists who were members of
a pharmacist association in the Shinagawa Ward of Tokyo (1-31 July 2021) using a Google online
questionnaire. The questionnaire included demographic information and KAP questions regarding
COVID-19. A correlation test was used for analyzing KAP scores. Significant correlations were found
among all KAP scores. Stepwise logistic regression analysis showed “age” as a significant knowledge

s

factor and “marriage”,

"o

pharmacist careers”, “information source: official government website”, and
“information source: word of mouth from family and friends” as significant attitude factors. Good
KAP scores were recorded in this study, indicating increased comprehension of infection control
measures and increased knowledge scores, as pharmacy pharmacists were practically involved in
COVID-19 infection control measures through vaccine preparation. Policymakers should understand
the value of pharmacists as healthcare professionals and should enhance public health through the

effective use of pharmacists.

Keywords: vaccinations; pharmacist; COVID-19; KAP; public health; infection control

1. Introduction

Severe acute respiratory syndrome caused by a novel coronavirus was first reported
in China in December 2019 [1]. Later, this severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) was found to be highly contagious and resulted in life-threatening and
complex respiratory illnesses [2]. The World Health Organization declared a public health
emergency in January 2020, which made it an international concern [3]. Currently, the
spread of SARS-CoV-2 has become a serious public health issue worldwide [4].

With the spread of SARS-CoV-2 and the unprecedented growing demand for asso-
ciated healthcare, public health measures to stop the spread of infection are crucial [5].
Many people worldwide obtain information on infectious disease control by professionals
through the mass media [6,7]. However, because the prevalence of COVID-19 varies widely
in different regions [8,9], direct responses and guidance according to the context of each
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region are required. In this regard, pharmacists from all over the world are in a position
to be directly or indirectly involved with patients and the local population, thus rapidly
responding to public health challenges to meet local circumstances [10] and playing a key
role in preventing the spread of COVID-19 [11]. Specifically, these responses include admin-
istering vaccines [12,13], educating the population regarding practices and attitudes toward
preventing infection [14], participating in the supply and management of medicines [14],
and actively conducting drug treatment evaluations and side effect monitoring [15]. These
responses have curtailed the spread of COVID-19 and reduced the burden on medical facil-
ities. As a result, in addition to contributing to the avoidance of healthcare disruptions [16],
pharmacists provided added value to patients and the entire healthcare system and gained
high confidence from the local population [17]. In Japan, pharmacists have been engaged
in vaccine filling and the drug management of vaccinations for COVID-19 since June 2021.
Thereby, vaccinations of local residents were efficiently carried out.

Awareness toward countermeasures is important for COVID-19 infection control, and
a survey of knowledge, attitudes, and practices (KAPs) related to COVID-19 according to
KAP theory [18] has been conducted on healthcare professionals in many countries [19-22].
In addition, a KAP survey for pharmacists has been reported [23-26]. However, these
survey findings were conducted prior to COVID-19 vaccine development, and pharmacists’
KAP information has not been reported.

The spread of the COVID-19 infection is still ongoing, and the prospects for com-
plete convergence remain opaque. In such a situation, pharmacists play an important role
through their involvement in a vaccination program to prevent the spread of the COVID-19
infection. Awareness of the KAP status for COVID-19 infection control among pharmacists
after being involved with vaccinations will be informative in determining future commu-
nity health action strategies and plans from the perspective of improving and promoting
community public health. Therefore, we conducted a KAP survey on infection control
measures for COVID-19 among pharmacists.

2. Materials and Methods
2.1. Study Design and Setting

This was a cross-sectional study conducted with pharmacists who were members of
a pharmacist association in the Shinagawa Ward of Tokyo, Japan. Data collection took
place between 1 July 2021, and 31 July 2021. The survey was conducted online via a web
questionnaire that used a Google form. Participants responded anonymously to questions
on demographics and their KAP regarding COVID-19. Of the 255 pharmacists surveyed,
there were 141 respondents (a response rate of 55.3%), and all responded to all items and
were included in the analysis. All participants responded anonymously (Figure 1).

Cross-sectional study conducted

KAP questions regarding COVID-19 infection control to Pharmacist in Japan

—i Pharmacists who were members of Shinagawa Pharmaceutical Association |

—i Informed consent and Distribution of online questionnaire |

—| Data were collected between July 1, 2021 and July 31, 2021 |

—| Responded anonymously to the questionnaire |

I Data Analysis (n=141) I

Figure 1. Flowchart of the cross-sectional study.
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2.2. Content of the Survey Instrument

Data were collected from pharmacists to assess KAP on infection control measures for
COVID-19. The questionnaire consisted of two parts: demographic information and KAP
questions. The KAP questions assessed COVID-19 knowledge, attitudes, and practices. The
knowledge section consisted of 17 questions, and participants responded to each question
with a selection formula of “Yes”, “No”, and “Don’t know”. These questions assessed
their level of knowledge of the clinical manifestations, transmission route, prevention, and
management of COVID-19. The attitude section consisted of 16 questions that assessed
attitudes regarding vaccinating against COVID-19 and preventing the spread of infection.
The practice section consisted of 11 questions that assessed the measures that were taken
during daily living to prevent COVID-19 infection. Regarding the items of attitudes and
practices, the selection formula was “yes” or “no”. In addition, as an assessment of the
internal consistency of the KAP questionnaire, a reliability analysis was performed using
Cronbach’s alpha coefficient, which showed good reliability values of 0.80 for knowledge
and 0.74 for attitudes, and an acceptable value of 0.53 for practices.

2.3. Definition of Terms

The Japanese School Education Law was revised in 2006, and pharmacy universities
shifted from a 4-year system to the current 6-year system to strengthen clinical education.
With this revision, only those who had been educated at a 6-year pharmacy university
could take the national pharmacist examination. Therefore, some of the participants in this
survey were pharmacists who graduated from a 4-year pharmacy school before the revision
of the law, and some were pharmacists who graduated from a 6-year pharmacy school.

2.4. Study Variables

Demographic variables included age, sex (men and women), marital status (married
and unmarried), academic background (4-year university, 6-year university, master’s
degree, and doctoral degree), and the information source of COVID-19. Knowledge,
attitude, and practice scores were labeled as adequate knowledge, positive attitudes, and
good practices, respectively, for knowledge, attitude, and practice scores based on Bloom's
cutoffs and using 80% or more of the scores as the reference standard [27,28].

Knowledge scores were obtained by assigning 1 point for each correct answer, as-
signing 0 to an incorrect/“Don’t know” answer, and summing all items. Knowledge
scores ranged from 0 to 17 points, with 14 points or more labeled as adequate knowledge
regarding COVID-19 and less than 14 points as inadequate knowledge.

For attitude scores, we assigned 1 point for positive attitudes and 0 points for neg-
ative attitudes for each question item and summed those items. Attitude scores ranged
from 0 to 16 points, with 13 or more labeled as a positive attitude and less than 13 as a
negative attitude.

For practice scores, a score of 1 was assigned if answers reflecting good practice were
selected, 0 was assigned if answers reflecting bad practice were chosen, and those items
were summed. Practice scores ranged from 1 to 11 points, with more than 9 points labeled
as good practice and less than 9 as bad practice.

2.5. Statistical Analysis

The resulting data were encoded, validated, and analyzed using the statistical software
R version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria). By setting the
Google form so that it could not be finished without answers, there were 0 missing data.
Numerical data were summarized with the mean and standard deviation. Categorical
data were summarized by frequency and ratio. A correlation test was used to determine
associations among knowledge, attitude, and practice scores. The assessment of the associ-
ation between demographic variables and knowledge, attitude, and practice scores was
conducted using a logistic regression analysis. A p value of less than 0.05 was considered
statistically significant.
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2.6. Ethical Considerations

This study was reviewed and approved by the Institutional Review Board Committee
of Hoshi University (Approval No. 2021-01). Signed informed consent was obtained from
all respondents, and participation was voluntary.

3. Results
3.1. Participant Information

The majority of the participants were women (65.2%) with a mean age of 44.8 years
(SD: 11.9). Pharmacist career scores averaged 16.1 years (SD: 10.5), and 97 participants were
married (68.8%). The academic background of the 141 participants included 93 (66.0%)
bachelor’s degrees in pharmacy in the fourth grade, 32 (22.7%) bachelor’s degrees in phar-
macy in the sixth grade, 13 (9.2%) master’s degrees, and 3 (2.1%) doctoral degrees. The main
sources of information on COVID-19 were 32 (22.7%) international health organizations,
such as the CDC and WHO, 101 (71.6%) governmental office internet sites, 124 (87.9%)
news media sources, 50 (35.5%) social media sources, 28 (19.9%) cases of word of mouth
from family/friends, and 12 (8.5%) original papers (Table 1).

Table 1. Participant characteristics (n = 141).

Variable
Age (years) 448 £11.9
Sex, n (%)
Men 49 (34.8%)
Women 92 (65.2%)
Marital status, n (%)
Married 97 (68.8%)
Unmarried 44 (31.2%)
Academic background, n (%)
4-year university 93 (66.0%)
6-year university 32 (22.7%)
Master’s degree/Doctoral degree 16 (11.3%)
Pharmacist career, 1 (%)
Less than 10 years 46 (32.6%)
10 years or more and less than 20 years 39 (27.7%)
Over 20 years 56 (39.7%)
Information source of COVID-19, n (%)

Official website and media of the WHO or CDC 32 (22.7%)
Official government website and media 101 (71.6%)
Media such as news (TV, radio, internet, magazines, and newspapers) 124 (87.9%)
Social media (Facebook, Twitter, and Instagram) 50 (35.5%)
Word of mouth from family/friends 28 (19.9%)

Original paper 12 (8.5%)

I don’t remember 2 (1.4%)

3.2. Pharmacists” Knowledge of COVID-19

Table 2 shows the results regarding knowledge of COVID-19. Most respondents an-
swered 15 of 17 knowledge items correctly (M = 14.4, SD = 2.5). Ten items had correct answer
rates of over 90%. Conversely, nearly 75% of the respondents could not answer the question
that included “sneezing, runny nose, stuffy nose, and headache are not common symptoms
of COVID-19.” Regarding the item “COVID-19 is caused by beta coronavirus”, only 41.8%
answered correctly, and nearly half (46.8%) answered that they did not know. Regarding the
question that COVID-19 is transmitted by the ingestion of food, 70.9% of the respondents
answered correctly, 17% answered incorrectly, and 12.1% answered that they did not know.
On the basis of Bloom's cutoff values, 118 (83.7%) of the pharmacists were labeled as having
good knowledge, with a knowledge score of 14 or higher, and 23 (16.3%) pharmacists were
labeled as having inadequate knowledge, with a knowledge score of less than 14.
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Table 2. Respondents” answers on COVID-19 knowledge items.

Correct Incorrect Don’t Know
Answer Answer
K1 COVID-19 is caused by beta coronavirus. 59 (41.8%) 16 (11.3%) 66 (46.8%)
K2 COVID-19 is transmitted by food intake. 100 (70.9%) 24 (17.0%) 17 (12.1%)
K3 Common clinical syr(rilptoms of COVID-.19 are fever, dry cough, 128 (90.8%) 8 (5.7%) 5 (3.5%)
yspnea, and malaise.
Sneezing, runny nose, stuffy nose, and headache are less common o o o
K4 symptoms of COVID-19. 36 (25.5%) 96 (68.1%) 9 (6.4%)
K5 PCR can be used to diagnose COVID-19. 126 (89.4%) 11 (7.8%) 4 (2.8%)
Washing your hands with soap and water for at least 30 s is effective o o o
Ké in preventing COVID-19 infection. 132 (93.6%) 6 (4:3%) 3 (2.1%)
K7 Loss of taste and smell is characteristic of COVID 19 infection. 129 (91.5%) 9 (6.4%) 3(2.1%)
K8 Symptom-free COVID-19 patients (.durlng the incubation period) do not 136 (96.5%) 0 (0%) 5 (3.5%)
spread the virus to others.
K9 COVID-19 infection spljeads through the infected person’s 137 (97.2%) 1(0.7%) 3 (2.1%)
respiratory droplets.
K10 The incubation period of coronavirus is 1 to 14 days. 126 (89.4%) 8 (5.7%) 7 (5.0%)
K11 Elderly people, patients with chronic illness, DM, COPD can be severe. 137 (97.2%) 0 (0%) 4 (2.8%)
Shaking hands and avoiding crowded areas and public transport can o o o
Ki2 prevent COVID-19 infection. 135 (95.7%) 2 (1:4%) 4(2:8%)
K13 Keeping social distance is effective in preventing the spread of COVID-19. 135 (95.7%) 1(0.7%) 5(3.5%)
K14 Antibiotics are the first-line drug 1f COVID-19 infection is suspected 121 (85.8%) 8 (5.7%) 12 (8.5%)
or confirmed.
Early response and supportive care are effective in recovering from o o o
K15 infection, as there is no effective treatment for COVID-19. 123 (87.2%) 8 (5.7%) 10 (7.1%)
Isolating and treating individuals infected with COVID-19 is an effective o o o
K16 way to break the chain of infection. 138 (97.9%) 0 (0%) 3 (2.1%)
K17 Large-scale group activities can spread COVID-19 infection. 138 (97.9%) 0 (0%) 3(2.1%)
Knowledge Score 144 £25
Of the questions K1-K17, “No” is the correct answer for questions K2: “COVID-19 is transmitted by food intake”,
K8: “Symptom-free COVID-19 patients (during the incubation period) do not spread the virus to others”, and
K14: “Antibiotics are the first-line drug if COVID-19 infection is suspected or confirmed”. “Yes” is the correct
answer for all the other questions—K1, K3, K4, K5, K6, K7, K9, K10, K11, K12, and K13.
3.3. Attitudes of Pharmacists regarding COVID-19
Table 3 shows the results regarding attitudes of COVID-19. Many respondents in-
dicated positive attitudes for 13 of 16 items (M = 13.0, SD = 2.6). In particular, for six
items, including “I would like to be vaccinated with COVID-19” (94.3%), “Pharmacists
can contribute to the promotion of vaccination of local residents from the public health
and social aspects” (91.5%), “Vaccination can prevent the spread of COVID-19” (94.3%),
“all information regarding COVID-19 needs to be shared with other healthcare profession-
als” (96.5%), “it is the pharmacist’s social mission to work together to curb the spread
of COVID-19” (97.9%), and “I understand that this infection is very infectious” (97.9%),
more than 90% of the pharmacists responded with a positive attitude. Conversely, for
items related to ultimately being able to fully control COVID-19 infections (31.9%), there
were fewer positive attitude responses. On the basis of Bloom's cutoff score, there were
95 (67.4%) pharmacists who were considered to have positive attitudes with an attitude
score of 13 points or more, and 46 (32.6%) pharmacists who were considered to have
negative attitudes with an attitude score of less than 13 points.
Table 3. Respondents” answers on COVID-19 attitudes.
Yes No
Al I'would like to be vaccinated with COVID-19 (answer “yes” if already vaccinated). 133 (94.3%) 8 (5.7%)
A2 I am motivated to be involved in citizens’ vaccination work (such as vaccine filling). 112 (79.4%) 29 (20.6%)
A3 I don’t think there is any problem even if vaccination by a pharmacist is approved as 96 (68.1%) 45 (31.9%)
in overseas.
A4 If vaccination by a pharmacist is approved, I am willing to vaccinate the public. 90 (63.8%) 51 (36.2%)

127



Int. J. Environ. Res. Public Health 2022, 19, 9035

Table 3. Cont.

Yes No
A5 If vaccination by a pharmficist is approved at a dispensing phtalrmacy like overseas, I think it 115 (81.6%) 26 (18.4%)
will be a great advantage for local residents.
A6 If vaccination becomes possible at 'loca.l pharmacies, I thlr}k it can contribute to improving 116 (82.3%) 25 (17.7%)
the vaccination rate of local residents.
A7 I think pharmacists can contribute to vaccination of local residents from the public health 129 (91.5%) 12 (8.5%)
and social aspects.
A8 In order to popularize antibody testing, I think it’s gkay for pharmacists to do antibody 109 (77.3%) 32 (22.7%)
testing at pharmacies.
A9 I think that vaccination can prevent the spread of COVID-19. 133 (94.3%) 8 (5.7%)
A10 Ultimately, I think we can completely control the infection of COVID-19. 45 (31.9%) 96 (68.1%)
All I think healthcare professionals need to be aware of all information regarding COVID-19. 122 (86.5%) 19 (13.5%)
A2 I think all information related to COVID—l? needs to be shared with other 136 (96.5%) 5 (3.5%)
healthcare professionals.
I think the spread of COVID-19 can be prevented by taking the precautionary measures o o
Al3 indicated by WHO and the government. 97 (68.8%) 4 (31.2%)
I think it is necessary to use gowns, gloves, masks, and face shields when dealing with o o
Ald patients with COVID-19. 117 (83.0%) 24 (17.0%)
I think it is the pharmacist’s social mission to work together to curb the spread of o o
Al5 COVID 19 infoction. 138 (97.9%) 3(2.1%)
Al6 I'understand that this infection is very infectious. 138 (97.9%) 3(2.1%)
Attitude score 13.0 £2.6
3.4. Practices of Pharmacists regarding COVID-19
Most of the respondents answered that they were performing 10 of 11 practice items
(M =94, SD = 1.4). Six items, including keeping a social distance (97.9%), performing
handwashing with soap routinely (97.9%), avoiding crowds (91.5%), handling possessions
of patients suspected of having the coronavirus with infection prevention measures (96.5%),
covering the nose and mouth with tissues and handkerchiefs when sneezing or coughing
(97.2%), and ensuring that used tissues were discarded in a trash box to prevent infection
(97.9%), were scored at 90% or more for good practices, and the majority also indicated
good practices for other items. Conversely, items such as “I tried not to take the elevator
as much as possible” (41.1%) and “I have attended workshop for COVID-19 infection
prevention” (53.9%) had low values (Table 4). On the basis of Bloom’s cutoff values, 111
(78.7%) of the pharmacists were labeled with good behaviors with a score of 9 or higher,
and 30 (21.3%) were labeled with bad behaviors with a score of less than 9 points.
Table 4. Respondents” answers on COVID-19 practices.
Yes No
P1 I have attended workshop for COVID-19 infection prevention. 76 (53.9%) 65 (46.1%)
P2 I keep a social distance with others to prevent infection. 138 (97.9%) 3(2.1%)
P3 When I touch the front door, Whl(;h is t.ouch.ed by an unsp.ec1f1efi number of people, 120 (85.1%) 21 (14.9%)
I open and close it while being careful of infection.
P4 I wash my hands with soap routinely. 138 (97.9%) 3(2.1%)
P5 I avoid crowds as much as possible. 129 (91.5%) 12 (8.5%)
pPé6 I avoid meeting friends and relatives. 125 (88.7%) 16 (11.3%)
P7 I try not to touch my eyes, nose, and mouth as much as possible. 124 (87.9%) 17 (12.1%)
P8 When dealing with the belongings of a patient su.spect.ed of having a corona infection, 136 (96.5%) 5 (3.5%)
I take care to prevent infection.
P9 I try not to take the elevator as much as possible. 58 (41.1%) 83 (58.9%)
P10 When I sneeze or cough, I cover my nose and mouth with a tissue or handkerchief. 137 (97.2%) 4 (2.8%)
P11 To prevent infection, I always try to throw used tissue in the trash. 138 (97.9%) 3 (2.1%)
Practice score 94+14
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3.5. Correlations between Knowledge, Attitude, and Practice Scores

Knowledge, attitude, and practice scores showed significant associations with each
other (Table 5). A strong correlation was found in the order of knowledge and attitude
(r=10.44, p < 0.001) > attitude and practice (r = 0.32, p < 0.001) > knowledge and practice
(r=0.21,p=0.01).

Table 5. Correlations between knowledge, attitude, and practice scores.

Correlation (r) p Value
Knowledge and Attitude 0.44 <0.001
Knowledge and Practice 0.21 0.01
Attitude and Practice 0.32 <0.001

3.6. Relationship between Participants” Attributes and KAP Scores

Univariate logistic regression analysis was used to assess attribute factors associated
with KAP (Table 6). The findings showed that chronological age (30 s, OR: 6.3, 95% CI:
1.6-25.1; 40 s, OR: 11.1, 95% CI: 2.5-48.8; 50 s, OR: 3.8, 95% CI: 1.1-13.3; and 60 s, OR:
16.2, 95% CI: 1.78-147.1), marital status (OR: 2.9, 95% CI: 1.2-7.3), academic background
(6 years-university, OR: 0.3, 95% CI: 0.1-0.8), and pharmacist career (over 20 years, OR: 4.1,
95% CI: 1.2-13.9) were factors associated with knowledge. Marital status (OR: 0.42, 95%
CI: 0.18-0.97) and source of information on COVID-19 (government official website and
government official site, OR: 2.5, 95% CI: 1.2-5.3; and word of mouth from family/friends,
OR: 0.4, 95% CI: 0.2-0.9) were associated with attitudes. No factors associated with practices
were found (Table 6).

Table 6. Evaluation of attribute factors related to KAP using univariate logistic regression analysis.

Good Knowledge Good Attitude Good Practice
Characteristics Category
OR 95% CI p Value OR 95% CI p Value OR 95% CI p Value
Age 20-29 years 1 1 1
30-39 years 6.3 1.58-25.08 0.009 111 0.34-3.64 0.859 2.49 0.64-9.70 0.188
4049 years 11.1 2.52-48.84 0.001 1.75 0.54-5.67 0.351 1.85 0.53-6.38 0.332
50-59 years 3.75 1.06-13.31 0.041 1.06 0.32-3.48 0.923 1.33 0.38-4.67 0.659
60 over 16.2 1.78-147.06 0.013 1.00 0.27-3.74 1.000 2.46 0.51-11.80 0.260
Sex Men 0.52 0.21-1.28 0.154 1.00 0.48-2.09 0.996 0.53 0.23-1.20 0.126
Women 1 1 1
Marital Status Married 293 1.18-7.31 0.021 0.42 0.18-0.97 0.041 1.97 0.86-4.54 0.110
Unmarried 1 1 1
Academic . .
background 4-year university 1 1 1
6-year university 0.30 0.11-0.78 0.014 0.70 0.30-1.59 0.391 1.04 0.40-2.74 0.934
Master’s degree/ 0.94 0.19-4.70 0.939 2.06 0.55-7.79 0.285 2.04 0.43-9.71 0370
Doctoral degree
Pharmacist Less than 10 years 1 1 1
career
10 years or more and less 1.22 043-3.41 0.708 227 0.85-6.06 0.101 173 0.57-5.21 0331
than 20 years
Over 20 years 4.09 1.20-13.87 0.024 0.98 0.44-2.19 0.955 1.04 0.41-2.60 0.934
Source of Official website and media
information 1.48 0.46-4.71 0.509 1.99 0.79-5.02 0.145 2.19 0.70-6.83 0.176
of the WHO or CDC
on COVID-19
Official government 1.8 0.71-4.58 0215 248 1.16-5.31 0.019 1.35 0.57-3.21 0.498
website and media
Media such as news
(TV, radio, internet,
. 1.11 0.29-4.24 0.874 0.4 0.11-1.48 0.172 0.77 0.21-2.88 0.697
magazines,
and newspapers)
Social media (Facebook,
. 1.04 0.41-2.65 0.941 1.05 0.50-2.19 0.907 113 0.48-2.64 0.784
Twitter, and Instagram)
Word of mouth from 0.65 0.23-1.84 0416 0.4 0.17-0.92 0.032 048 0.19-1.21 0.121
family /friends
Original paper 0.35 0.09-1.26 0.108 0.97 0.28-3.39 0.956 1.39 0.29-6.70 0.684
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3.7. Extraction of Factors Associated with KAP Scores by Stepwise Logistic Regression Analysis

Factors associated with KAP were extracted using stepwise multiple logistic regression
analysis with factors that had a p value less than 0.20 as a result of univariate logistic
regression analysis (Table 7). As a result, “age” was extracted as an important variable
for knowledge. Regarding attitudes, “marriage”, “academic background”, “pharmacist
careers”, “information source: official government website”, and “information source:
word of mouth from family and friends” were extracted as important factors. Regarding

practices, no factors showing an association were extracted.

Table 7. Extraction of attribute factors related to knowledge, attitudes, and practices by stepwise

logistic regression analysis.

Characteristics

Category

Good Knowledge

Good Attitude

Adjusted OR 95% CI

p Value

Adjusted OR

95% CI

p Value

Age

Sex
Marital Status
Academic

background

Pharmacist
career

Source of
information
on COVID-19

20-29 years
30-39 years
40-49 years
50-59 years
60 over
Men
Women
Married
Unmarried

4-year university

6-year university
Master’s degree/Doctoral degree

Less than 10 years

10 years or more and less than 20 years
Over 20 years

Official website and media of the WHO
or CDC

Official government website and
media
Media such as news (TV, radio, internet,
magazines, and newspapers)

Social media (Facebook, Twitter,

and Instagram)
Word of mouth from family/friends

Original paper

1
6.3 1.58-25.08
111 2.52-48.84
3.75 1.06-13.31
16.2 1.78-147.06

0.009
0.001
0.041
0.013

0.37

2.81

0.38

0.15-0.90

1.26-6.26

0.16-0.91

0.029

0.012

0.030

Stepwise logistic regression analysis was performed with Age, Sex, Marital Status, Academic Background,
Pharmacist Career, and Source of Information on COVID-19 as explanatory variables. As a result, Age was
extracted for Good Knowledge, and Marital Status, Official Government Website and Media, and Word of Mouth
from Family/Friends were extracted as important variables for Good Attitude. Variables in blank cells were not
extracted as significant variables.

The odds ratios and confidence intervals for “age” in knowledge were as follows: ages
in their 20 s (OR = 6.3, 95% CI = 1.58-25.08), 30 s (OR = 11.1, 95% CI = 2.52-48.84), 40 s
(OR =3.75,95% CI = 1.06-13.31), 50 s (OR = 3.75, 95% CI = 1.06-13.31), and 60 s (OR = 16.2,
95% CI = 1.78-147.06).

The odds ratio and confidence interval for “marriage” in attitudes were OR = 0.3 and
95% CI = 0.10-0.94 for married people. The odds ratio and confidence interval for academic
background were OR = 0.3 and 95% CI = 0.10-0.94 for graduating from pharmacy studies in
a 6-year-university. Regarding information sources, the odds ratios and confidence intervals
were OR = 2.88 and 95% CI = 1.18-7.01 for governmental official websites and media
(MHLW) and OR = 0.39 and 95% CI = 0.15-1.00 for word of mouth from family /friends.

4. Discussion

In this study, we conducted a KAP survey for pharmacists involved in community
vaccine preparation. The majority of the pharmacists were shown to have positive KAP,
and most of the pharmacists” sources were news media (1 = 124, 87.9%) and government
office sites (n = 101, 71.6%). In addition, 8.5% of the pharmacists obtained information
from academic journals, which was less than 10% of all participants. These results showed
that conventional mass media and the internet are important information sources for
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pharmacists, and the current situation in which many pharmacists in Japan have not been
able to obtain the latest information from academic journals was indicated. Knowledge
was shown to be associated with attitudes and practices in previous KAP surveys related
to COVID-19 [29-31], and in this study as well, there was a correlation among knowledge,
attitudes, and practices. Our results suggested that each item of KAP was mutually
influential on the others, and that all items were essential components.

Previous KAP surveys of COVID-19 infection control among Japanese pharmacists
reported lower KAP scores [23]. It has also been reported that the KAP scores of pharmacists
were lower than those of doctors and nurses abroad [32,33]. However, our study showed
good scores for all items of KAP. Awareness and comprehension of infection control
measures may have increased as pharmacists became practically involved in COVID-19
infection control measures through participating in vaccine preparation. As a result,
knowledge scores may have increased. At the same time, the pharmacists” KAP scores
were lower than those previously reported for doctors and nurses, possibly because the
pharmacists were not involved in COVID-19 infection control. Therefore, it was considered
that practices were indispensable to obtain good knowledge scores.

The aggregated results for attitude scores revealed that 90% or more pharmacists
answered positively for six attitude items. Of these, almost all pharmacists answered “I
would like to be vaccinated with COVID-19” and “I think that vaccination can prevent the
spread of COVID-19”. In addition, four items such as “I think all information related to
COVID-19 needs to be shared with other healthcare professionals”, “I think pharmacists can
contribute to vaccination of the local residents from the public health and social aspects”, “I
think it is the pharmacist’s social mission to work together to curb the spread of COVID-19
infection”, and “I understand that this infection is very infections” had more than 90% of
the pharmacists answering “I would think so”. Therefore, many pharmacists indicated
positive attitude scores. Conversely, only 31.9% of the pharmacists answered “I would
think so” to the question “Ultimately, we can completely control COVID-19 infection”,
indicating the difficulty and seriousness of COVID-19 infection control.

As a result of extracting the related factors of KAP using stepwise logistic regression
analysis, the related factors for knowledge and attitudes scores were extracted. Regarding
knowledge scores, age was extracted as in previous studies [23], with the lowest knowledge
scores for the respondents in their 20s. It may be conceivable that people in their 20s have a
lower risk of becoming severely ill with COVID-19, and it is thought that the percentage of
pharmacy managers who manage pharmacies is small. Conversely, regarding the attitude
score, four items were extracted: “marriage”, “pharmacist careers”, “information source:
official government website”, and “information source: word of mouth from family and
friends”. For “marital status”, the attitude scores were significantly higher in unmarried
than in married individuals. This is thought to be because the percentage of women
pharmacists in Japan is higher than that of men. In other words, it is conceivable that
married women take more time to do housework and raise children, and it is difficult for
them to be actively involved in COVID-19 infection control as a pharmacist. In addition,
pharmacists with less than 10 years of experience had the most positive attitude scores
in pharmacist history, and pharmacists with more than 10 years and less than 20 years
had significantly lower scores. This suggested that attitude scores fluctuated according
to the length of the pharmacists’ career. Furthermore, the attitude scores of pharmacists
who obtained information from the official website of the government were significantly
high, and those of pharmacists who obtained information by word of mouth from family
and friends were significantly low. These findings suggest that the presence or absence
of active information collection is associated with attitude scores. As for the practice
scores, as in the previous reports [19,34], no relevant vital factors were extracted, and
a significant relationship was found between knowledge and attitudes. From this, we
suggest that practical involvement with vaccine preparation brought about knowledge and
attitude improvements.
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In this study, gender was not significantly associated with KAP scores. However,
a KAP survey conducted with the general public reported an association between gen-
der and knowledge scores [35,36]. This may be due to women being more likely than
men to feel anxious regarding a variety of issues [37], and because of their anxiety, they
may become enthusiastic regarding collecting information on infection control. As a re-
sult, their knowledge scores may be higher. Conversely, there have been reports that
no association exists between gender and knowledge in KAP surveys conducted with
healthcare professionals [28,38,39]. It has been speculated that this is because healthcare
workers are involved in COVID-19 infection control regardless of gender. On the other
hand, a KAP survey administered to medical students reported an association between
gender and knowledge scores [40]. This is probably because medical students are not yet
directly involved in COVID-19 infection control as healthcare workers. Similarly, a KAP
survey conducted with Japanese pharmacists during the period prior to vaccine preparation
engagement, i.e., when they were not directly involved in COVID-19 infection control,
showed a significant association between gender and knowledge scores [23]. From the
above, we suggest that factors related to the KAP survey of COVID-19 were influenced by
the practical environment of the study participants.

Regarding pharmacists’ sources of information, most sources were news and govern-
ment office sites, and few pharmacists obtained information from academic journals. This
is a similar result to a KAP survey conducted in Japan before vaccine development [23].
Recently, the use of SNS has also been considered a useful information resource [19,41].
However, news alone does not alter the amount of information available compared to
the general public, and SNS alone may be affected by erroneous information. As medical
professionals involved with vaccinations need to obtain general information from the news,
they also need to obtain official information distributed by the government and the latest
specialized information from academic journals.

There are several limitations to this study. First, the survey was limited to pharmacists
in Tokyo, and no results were obtained from pharmacists in other cities. Second, because
of the cross-sectional nature of the study, a causal relationship cannot be determined.
Third, the questionnaires may not correspond exactly to what the health professional
thinks and does in clinical practice. Fourth, the small sample size of the study may not
reflect the opinions of the entire pharmacist community. Further, the response rate was
55.3%—a little low. It is possible that some pharmacists have stopped participating in web
questionnaires because they are not familiar with the operation. However, in Japan, the
same information is available from media news in all regions, and in fact, pharmacists
are involved in the development and manufacture of vaccines. Therefore, it is unlikely
that knowledge, behaviors, and attitudes regarding infection control will vary significantly
from region to region and from individual to individual. The distribution of gender and
age in this study was similar to the distribution of the whole pharmacist community in
Japan. Therefore, it is considered that the bias of the obtained results is small.

The points that should be emphasized in this study are that this was a cross-sectional
study conducted by a Japanese pharmacist during the period when he was engaged in
vaccine preparation to prevent the spread of COVID-19 in the local population. The
survey was conducted at a time when the number of people infected with COVID-19 per
day in Tokyo was rapidly increasing and the crisis of medical collapse was being hailed.
Local pharmacists were involved in vaccine preparation, even on holidays, so that as
many citizens as possible could get their first vaccination as soon as possible. In addition,
community pharmacist associations actively held training sessions on vaccine preparation
for pharmacists. Previously, pharmacists in Japan only dispensed prescriptions based
on individual pharmacies and were not openly involved in activities such as community
infection control. In view of these circumstances, the results of this study were obtained
during the first practical involvement of Japanese pharmacists in community infectious
disease control in a critical setting of a spreading COVID-19 infection. This can be useful
information when considering the public health significance and social value of community
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pharmacists who were practically participating in infectious disease countermeasures,
such as vaccination, not only in Japan but also globally. Indeed, pharmacists” knowledge
and attitude scores under situations where practical involvement was sought were very
positive. Furthermore, because more than 90% of the pharmacists replied that it is the duty
of pharmacists to engage in public health, such as infection control measures, it can be said
that pharmacists are very positive and highly aware of public health efforts. Moreover,
as community pharmacists’ knowledge, attitude, and practice scores toward COVID-19
were positive, the active utilization of pharmacists could lead to better community public
health and could provide great added value to patients and the entire healthcare system.
Therefore, the use of community healthcare professionals, such as pharmacists, may expand
the potential of human medical resources and may consequently lead to the activation of
community healthcare. It is hoped that policymakers understand the value of pharmacists
as human resources and effectively utilize them for the development of public health.
Furthermore, we believe that the results of this study may contribute to strengthening the
role of pharmacists in communities in different parts of the world, not only in Japan.

5. Conclusions

The KAP of pharmacists on COVID-19 was very positive under situations of practical
engagement in vaccination. This suggests that utilizing pharmacists may increase the
professionalism of pharmacists and may provide new added value to patients and the
health care system as a whole. It is hoped that policymakers will understand the value of
pharmacists, who are healthcare professionals, as human resources, and make effective use
of them, thus contributing to the development of public health.
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Abstract: The tremendous impact of the novel coronavirus (COVID-19) on societal, political, and
economic rhythms has given rise to a significant overall shift from pre- to post-pandemic policies.
Restrictions, stay-at-home regulations, and lockdowns have directly influenced day-to-day urban
transportation flow. The rise of door-to-door services and the demand for visiting medical facilities,
grocery stores, and restaurants has had a significant impact on urban transportation modal demand,
further impacting zonal parking demand distribution. This study reviews the overall impacts of
the pandemic on urban transportation with respect to a variety of policy changes in different cities.
The parking demand shift was investigated by exploring the during- and post-COVID-19 parking
policies of distinct metropolises. The detailed data related to Melbourne city parking, generated by
the Internet of things (IoT), such as sensors and devices, are examined. Empirical data from 2019
(16 March to 26 May) and 2020 (16 March to 26 May) are explored in-depth using explanatory data
analysis to demonstrate the demand and average parking duration shifts from district to district. The
results show that the experimental zones of Docklands, Queensbery, Southbanks, Titles, and Princess
Theatre areas have experienced a decrease in percentage change of vehicle presence of 29.2%, 36.3%,
37.7%, 23.7% and 40.9%, respectively. Furthermore, on-street level analysis of Princess Theatre zone,
Lonsdale Street, Exhibition Street, Spring Street, and Little Bourke Street parking bays indicated a
decrease in percentage change of vehicle presence of 38.7%, 56.4%, 12.6%, and 35.1%, respectively.
In conclusion, future potential policymaking frameworks are discussed that could provide further
guidance in stipulating epidemic prevention and control policies, particularly in relation to parking
regulations during the pandemic.

Keywords: COVID-19; urban mobility; parking demand; IoT parking sensors; explanatory data
analysis; parking policies

1. Introduction

Since the primary case of COVID-19 was recorded in Wuhan, China, on 9 December
2019, there has been an alarming and rapid spread of the virus to every corner of the globe,
highly catalyzed by the international passenger and cargo air transport network serving
major cities in East Asia, the United States, and elsewhere [1]. Owing to the emergency,
daily routines in cities throughout the world were chaotic during the first six months
of 2020. The normal lives of people in many countries ceased as the pandemic crisis
worsened. The human toll has been extensive due to the exponentially increasing number
of cases and deaths around the world. Social distancing, stay-at-home regulations, and
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various other social restrictions have brought about a tremendous shift from the previously
defined standards of human social interaction, such as greetings and hugging [2]. On the
economic front, the endemic, epidemic, and then the pandemic has caused many businesses
to delay or cease operations. Importing and exporting in most countries throughout
the world have been highly disrupted due to the pandemic’s impact on the aviation
industry [3-5], maritime industry [6], regional railway systems [7] and urban mobility [8].
In the manufacturing industry, sectors have been advised by the World Health Organization
(WHO) to concentrate on producing medical supplies for fighting the pandemic, which
has resulted in both collaborations and disputes regarding global transactions that involve
medical supplies such as masks, gloves, and ventilators [9]. In regard to global politics, the
pandemic’s impact has been dependent on nations” health security strategy and emergency
response capacity. The political impact has expanded due to significant global political
decisions regarding emergency flight cancellations throughout the world. The status quo
has impacted the aviation industry greatly, with 90% of passenger flights being cancelled [5].
In China, a number of airlines discontinued flights to and from the epicenter of the virus
(Wuhan) and then across the entire country to avoid an escalation of the situation from
epidemic to pandemic status. Moreover, following a loss of revenue, airlines throughout
the world reacted to these changes by shifting from passenger to cargo flights, such as
Ethiopian Airlines [10] and United Airlines [11].

As the pandemic impacted socioeconomic status, the political focus moved from
the global to urban scale, with urban mobility being one of the most highly affected
sectors. Modal travel shifts occurred, mainly on account of social distancing and contact-
free policies. Urban mass transportation, such as car-sharing, ride-sharing, and ride-
hailing, has been the most severely affected service types. Ride-sharing and taxi-hailing
services, as well as urban electric commercial vehicles have been on the rise in recent
years owing to Al-driven smart applications, and management and is favored due to a
variety of factors, including minimized travel costs, traffic congestion, emissions and energy
issues [12-14]. However, in the aftermath of the pandemic; for example, the ride-sharing
market is predicted to have lost a quota share of 50% to 60% during 2020 [15], but this is
anticipated to rise by 70% to 80% with new countermeasures, such as barriers between
drivers and passengers to adhere to social distancing restrictions.

Acute social restrictions in several highly impacted cities with stay-at-home restrictions
have resulted in the emergence of more door-to-door delivery services to satisfy the basic
living requirements of those who cannot leave home. Moreover, panic buying and the fear
of contamination during the crisis have encouraged many consumers to download smart
applications from service providers such as grocery stores and restaurants. This app-based
evolution has resulted in many grocery stores recording their highest ever daily revenues
at the end of March 2020, with consumer spending up by 87.4% [16]. The nature of droplet
transmission means that the most effective virus prevention is contact avoidance, which has
led to mass-gathering restrictions for theaters, bars, sports clubs, and schools, while trips to
pharmacies, grocery stores, and restaurants have increased. The shift of travel destination
followed by parking demand shift forced the reshaping of parking facilities in order to
satisfy the demand. Parking garages have been used as major emergency preparedness
spaces and temporary medical centers. When considering vacant garages to micro-mobility
maintenance disruptions and lay-offs, reacting to the demands of the public and ensuring
the safety of core workers have been essential. To this end, different parking policies have
been introduced, from the lessening of parking restrictions and penalties to fee adjustments.

The parking service providers highly affected by the pandemic include metropolises,
academic institutions, and air terminals. Parking-related income is noteworthy for small
cities, contributing to more than 30% of the yearly budget income, and there has been
an estimated 90% income loss in this sector [17]. The question arises as to how countries
will quantify and counter such socioeconomic and political disturbance. To investigate
the impact of the pandemic on different sectors, a number of data-driven studies have
been carried out globally. One of such interest is the MOBIS-COVID19 study [18], a joint
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project of ETH Zurich and the University of Basel, using mobile phone GPS tracking data
from 3700 participants to examine the impact of COVID-19 in Switzerland. Conversely, on
designing countermeasure frameworks, recent studies and approaches, such as avoid-shift-
improve [ASI] [19] and the PASS approach [20], in which “P”, “A”, “S”, and “S” correspond
to different stages of the pandemic comprising categorical targets of transportation users
and service providers, as well as governments, have been utilized.

This study assesses the impact of COVID-19 via the visualized Melbourne dataset,
released by the city data administration to promote understanding on the impact of
COVID-19 on city mobility. The visualizing and comparing of on-street car parking sensor
data for the two preferred periods, between 16 March and 26 May 2019 and 16 March
and 26 May 2020 are carried out to quantify the impact of COVID-19 on different business
districts and socioeconomic classes for better assessing the impact of COVID-19. The
remaining part of the paper is structured as follows: Section 2 reviews the impact range of
COVID-19 and analyzes the impact on urban mobility; Section 3 focuses on analyzing the
impact of the pandemic on parking demand and revenue; Section 4 visualizes the parking
demand variation during the pandemic via the case study approach, using Melbourne CBD
parking data; Section 5 provides conclusions and future research recommendations.

2. Impact of COVID-19 on Urban Mobility

From world-wide expert survey results, Zhang et al. [21] presented significant impacts
of COVID-19 on transport and logistics. Following the disturbance, many cities have
enforced dynamic policy approaches to minimize the negative impact of the pandemic
on the general public. The major approaches to reduce the risk of the pandemic include
providing contactless mobility modes and creating open spaces, such as pedestrian space,
cycle ways, and open street developments. A few summarized examples are provided in
Table 1 to illustrate cities impacted by the pandemic and forced to shift mobility policy
measures and responses.

Table 1. Summary for mobility policy measures and responses.

City, Country Measures and Responses
The COVID-19 pandemic accelerated / prioritized the
Paris, France [22] implementation of Paris Mayor Anne Hidalgo’s 2024

vision for 650 km of cycle.

35 km of streets were repurposed and made open for
Milan, Italy [23] active modes of transportation, and a 30 km/h speed limit
was introduced.

The Colombian capital has opened 76 km of temporary
Bogota, Colombia [24] bicycle lanes, and 22 km of the new lanes were opened on
17 March 2020 by repurposing vehicle lanes.

Budapest, Hungary [25] Bike lanes were added at the edges of multi-lane streets.

The government has created 40 km of new cycle paths and

Brussels, Belgium [26] turned the city center into a 20 km long walkable area.

The first authorities to fund pop-up bike lanes, widened
sidewalks and related infrastructures during lockdown.

The COVID-19 outbreak forced the city to open the bike
Helsinki and Espoo, Finland [28] season earlier than the previous year with a total of
351 bike stations (242 in Helsinki and 109 in Espoo).

Auckland, New Zealand [27]

3. Impact of COVID-19 on Parking Demand and Revenue

The parking system is a direct replica of the urban mobility disturbance by COVID-19.
For instance, the parking demand to access essential destination’s parks increased during
the pandemic [29], while on the other side, parking demand to public gathering places such
as stadiums, theaters, malls, etc., dropped. Since the flare-up of COVID-19, the USD 131B
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parking industry has had difficulty, mostly in hotels and aviation vicinities, encountering a
drop of 50-70% commuter parking movement and more than 95% accommodation revenue
losses daily [30]. In addition, a reduction in income occurred from parking authorization
with fewer parkers and from communities halting or unwinding authorization [31]. A
small known reality is that municipalities’ budgets intensely depend on parking-related
incomes. Some detailed illustrations are presented in Table 2, for indicating the dependence
of cities on parking revenue [17].

Table 2. Municipalities budget from parking-related revenues (in United States Dollars, 2019-2020
fiscal year).

Cities Total Parking Related Revenue  Parking Tax  Fees, Fines, and Citations
San Francisco USD 439.7M USD 85.5M USD 354.2M
New York USD 1.1B+ USD 300M USD 785M
Chicago USD 299.7M USD 134M USD 25.1M

3.1. COVID-19 Impact on On-Street Parking

To demonstrate the extent of the on-street parking affected by the pandemic, two stud-
ies are reviewed in this section: the smart parking system developers Smarking [17],
which was carried out by a random sampling of 511 zones over the US (averaging
136 parking spaces), and IEM [32], which was studied on 650 installed PrestoSense parking
sensors in different parts of Geneva, Switzerland.

The Smarking [17] survey showed a decrease in parking on the street at 80-90% since
the US national emergency statement issued on Friday, 13 March 2020. Before and after
the COVID-19 outbreak, the annual dynamics of parking activities have changed a lot: a
year-over-year increase in 10%, to 80-90% decrease, compared to the same period last year
(See Figure 1). Similarly, the peak daily occupancy of on-street parking spaces surveyed
across the country shows that the pattern before and after Friday, 13 March has changed
significantly.

On-street Parking YOY Change
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Figure 1. On-street parking year-over-year (YOY) change (from a random sample of 511 zones/blocks
across the US).

Conversely, IEM [32] studied data from 650 PrestoSense parking monitoring sensors
installed in different regions of Geneva, Switzerland, to illustrate how the parking patterns
on the streets have changed in areas where semi-confinement was announced. This study
focused on parking demand (in terms of occupancy and turnover) fluctuation before and
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after the emergency declaration date of 16 March 2020. The state of emergency was declared
between 16 March and 11 May 2020, in which the semi-confinement period spanned from
16 March to April, and the progressive de-confinement period spanned from April to
11 May 2020.

During the semi-confinement period, parking restrictions such as vehicle parking
control were suspended in Geneva. To analyze the policy shift impact, the PrestoSense
vehicle detection sensors were installed in on-street parking bays of residential areas, offices
and cultural areas to detect vehicle occupancy and the parking duration of a parked vehicle.

The on-street parking demand comparison assessment was performed between resi-
dential areas versus offices and cultural areas. In residential complexes, before the semi-
confinement period, the parking usage in residential areas showed an average occupancy
level of 82% (see Figure 2a) with an average car turnover rate of 7.2 per day; here, the
turnover rate is defined as the average number of vehicles using the same parking space at
a certain time gap. In the same area during the semi-confinement period, an increase in the
occupancy level to 93.4% (see Figure 2b) and a decrease in car turnover rates to 3.2 cars per
day was clearly observed.
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Figure 2. Average occupancy of the selected residential area (Rue des Paquis, Geneve): (a) before the
confinement period (between 5 January and 5 February 2020), and (b) during the confinement period
(between 1 and 30 April 2020).

Meanwhile, in office and cultural sites, before the semi-confinement period, an average
occupancy level of 39.3% (see Figure 3a), and car turnover rate of 5.7 cars per parking space
per day was observed, whereas in the same area during the semi-confinement period, a
substantial drop in occupancy levels to 26.6% (see Figure 3b) and a decrease in car turnover
rates to 1.7 per parking space per day was marked.

3.2. COVID-19 Impacts on Off-Street Parking

A study [17] under this topic was reviewed to show the impact of COVID-19 on
off-street parking garages. During the investigation, a collection of 935 off-street parking
locales, consisting of both private and city-owned parking garages was studied. The results
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show a comparative drift from on-street parking prior to the COVID-19 emergency: 10%
YOY increment (see Figure 4). Then, after 13 March 2020, the parking demand dropped
dramatically by about 90%.
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Figure 3. Average occupancy of the selected Office and Cultural site (Bd. Du théatre, Geneve):
(a) before the confinement period (between 5 January and 5 February 2020), and (b) during the
confinement period (between 1 and 30 April 2020).
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Figure 4. Off-street parking activities YOY change (from a random sample of 511 zones/blocks across
the USA).
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4. Case Study: Melbourne City, Australia

To investigate the impact of COVID-19 on parking demand distribution on different
types of urban areas and streets, this study used the parking data from Melbourne CBD
parking bays, Australia, visualized to illustrate how the parking demand on different
central districts was shifted by the pandemic. The in-ground parking sensors recorded
vehicle arrival and departure times (from 1 January to 1 May 2020), which were released
upon customer request to grasp the strike of COVID-19 on city movement. On-street
car parking sensor data for 2019 [33] and from January-May, 2020 [34] were obtained to
visualize the impact variation of COVID-19 on parked vehicle volume and average parking
duration. Visualizing these parking sensors data will help to illustrate how the parking
demand in terms of parking volume and average parking duration on different central
districts is shifted by the pandemic during the state of emergency. The state of emergency
was declared by the Minister for Health on 16 March 2020, under section 198 (1) of the
Public Health and Wellbeing Act 2008 (Act) throughout the state of Victoria due to the
serious threat to public health in Victoria due to the novel coronavirus 2019 [35].

On this case study, Melbourne city areas and streets were selected and analyzed to
assess how the city areas and streets are impacted negatively with respect to parking
demand after the first stage of the state of emergency dated from 16 March 2020. The
assessment area selection criteria included the high shift in parking volume after the state
of emergency versus the rest of the areas listed on the dataset, and the authors think
the picked areas for analysis, named as Docklands, Queensbery, South banks, Titles, and
Princess Theatre will illustrate the image for the high impact of COVID-19 on parking
demand distribution. Further, at street-level impact analysis, streets of Princess Theatre
were evaluated with respect to parking volume and parking duration indicators. The
streets of Princess Theatre were chosen for analysis since this area shows a higher shift in
parking demand out of the five selected areas.

The impact assessment and comparison were conducted between two periods, 16
March-26 May 2020 versus 16 March—26 May 2019. The parking demand indicators are
parking volume, in terms of vehicles present, and average parking duration. The sensors
read whether there is a parked vehicle or not, in which the data are given by (false, true)
or (0, 1). The sum of the values “true” or “1” gives the total number of vehicles present or
parked at a certain location during a certain period. The average parking duration was
obtained by dividing the parking load (vehicle-minutes) by the total number of vehicles
present during the entire duration of the assessment (Equation (1)). It can also be calculated
as the sum of parking duration of all vehicles divided by the total number of vehicles
parked during the survey period.

Parking load (veh. minutes)
Parking volume (veh.)

Average Parking duration (minutes) = 1)

The authors believe that the study area (Figure 5) is planned to present the interior
CBD of Melbourne. The black dots in Figure 5b show the on-street parking bays in the
selected experimental areas of Melbourne streets [36].

4.1. Areal Based IMPACT Analysis

Parking volume comparison: After the state of emergency, the vehicles present
in on-street parking bays showed a significant decrease. For almost two months from
16 March to 26 May 2020, Docklands, Queensbery, Southbanks, Titles, and Princess Theatre
areas showed a decrease in percentage change of vehicles present of 29.2%, 36.3%, 37.7%,
23.7%, and 40.9%, respectively, compared to the same period of the previous year from
16 March to 26 May 2019. Princess Theatre appeared to have the highest fall in parking
volume percentage change from the picked experimental areas. As presented in Table 3
and Figure 6, the on-street parking spot demand decreased relatively within these periods,
mainly due to the state of emergency restrictions, including the advice to stay home.
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Figure 5. Study area: (a) Melbourne CBD, VIC, Australia; (b) on-street parking bays.

Table 3. Area level comparisons of parking volume in terms of number of vehicles present between
two periods (16 March to 26 May 2019 versus 16 March to 26 May 2020).

Number of Vehicles Present

Area Percentage Change
16 March-26 May 2019 16 March—26 May 2020
Docklands 482,426 341,538 —29.2%
Queensbery 330,106 210,257 —36.3%
Southbanks 243,897 151,845 —37.7%
Titles 184,969 141,161 —23.7%
Princess Theatre 178,102 105,273 —40.9%

Average parking duration comparison: After the state of emergency from 16 March
to 26 May 2020, the average parking duration of on-street parking bays showed a significant
increase. As shown in Table 4 and Figure 7, Docklands, Queensbery, Southbanks, Titles,
and Princess Theatre areas showed an increase in percentage change of average parking
duration of 45.3%, 17.9%, 64.5%, 38.2% and 89.3%, respectively, compared to the same
period of the previous year from 16 March to 26 May 2019. Princess Theatre appeared to
have the highest increase in average parking duration percentage change from the picked
experimental areas. Referring to Tables 3 and 4, Princess Theatre is the area that experienced
the highest drop in vehicles present, with —40.9%, and the highest increase in percentage
change of average parking duration, with +89.3%. This is mainly due to the socio-economic
nature of the Princess Theatre area, which is famous for being an entertainment and
gathering site [37]. The reason for the high shift in parking demand of this kind of areas
was the state of emergency and restriction on gathering activities. Technically, the average
parking duration (in min.) is defined as the ratio of total vehicle hours to the number of
vehicles parked, i.e., parking load in Veh. min over parking presence (in Veh.). Therefore,
mathematically, as a vehicle parking presence decreases with a wider gap than the parking
load, the average parking duration may increase in a significant range.
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Figure 6. Bar graph representation of Princess Theatre’s area parking volume in terms of vehicles

present between two periods: (a) 16 March to 26 May 2019 versus (b) 16 March to 26 May 2020.

Table 4. Area level comparisons of the average parking duration change in minutes between periods
(16 March to 26 May 2019 versus 16 March to 26 May 2020).

Average Parking Duration (min)

Area Percentage Change
16 March—26 May 2019 16 March-26 May 2020
Docklands 48.65 70.71 45.3%
Queensbery 90.15 106.29 17.9%
Southbanks 76.51 125.88 64.5%
Titles 39.51 54.61 38.2%
Princess Theatre 36.18 68.5 89.3%
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Figure 7. Bar graph representation, referring to the Princess Theatre area average parking duration
between two periods: (a) 16 March to 26 May 2019 versus (b) 16 March to 26 May 2020.

4.2. Street Level Impact Analysis

For this part of the impact assessment, the streets circling Princess Theatre area (Lons-
dale Street, Exhibition Street, Spring Street, and Little Bourke Street) were selected for
parking demand visualization.

Parking volume comparison: After the state of emergency, the vehicles present
in on-street parking bays showed a significant decrease. For almost two months from
16 March to 26 May 2020, Lonsdale Street, Exhibition Street, Spring Street, and Little Bourke
Street parking bays showed a decrease in percentage change of vehicles present of 38.7%,
56.4%, 12.6%, and 35.1%, respectively, compared to the same period of the previous year
from 16 March to 26 May 2019.

Exhibition Street appeared to have the highest fall in parking volume percentage
change from the streets around Princess Theatre. As presented in Table 5, Exhibition Street,
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with a 56.4% drop in parking volume, lost the proportion of vehicles present within the
area, from 27% to 20%. This is mainly because Exhibition Street is famous for being home to
many heritage buildings, such as the Victorian Heritage Register [38], which are classified
as one of Melbourne’s visiting sites, and which was highly impacted by the COVID-19 state
of emergency measures.

Table 5. Street level comparisons of the parking volume in terms of the change in number of vehicles
present between two periods (16 March to 26 May 2019 versus 16 March to 26 May 2020).

Princess Theatre Number of Vehicles Present

Percentage Change

Streets 16 March-26 May 2019 16 March—26 May 2020
Lonsdale street 112,863 69,166 —38.7%
Exhibition street 47,299 20,630 —56.4%
Spring street 8040 9054 —12.6%
Little Bourke street 9900 6423 —3.51%

Average parking duration comparison: After the state of emergency from 16 March
to 26 May 2020, the average parking duration of the selected streets” on-street parking bays
showed a significant increase. As shown in Table 6, Lonsdale, Exhibition, Spring, and Little
Bourke streets showed an increase in percentage change of average parking duration of
84%, 103.6%, 153.4%, and 58.3%, respectively, compared to the same period of the previous
year from 16 March to 26 May 2019.

Table 6. Street level comparisons of the average parking duration change, in minutes, between two
periods (16 March to 26 May 2019 versus 16 March to 26 May 2020).

Princess Theatre Average Parking Duration (min)

Percentage Change

Streets 16 March-26 May 2019 16 March—26 May 2020
Lonsdale Street 35.42 65.18 84%
Exhibition Street 37.19 75.71 103.6%
Spring Street 29.17 73.93 153.4%
Little Bourke Street 45.45 71.96 58.3%

Spring Street appeared to have the highest increment in average parking duration
percentage change from the streets around Princess Theatre, and Little Bourke Street with
a 58.3% increment in average parking duration lost the proportion of average parking
duration in the area, from 31% to 25%. This is mainly because Little Bourke Street is famous
for its department stores and many boutiques [39], in which most of them were closed
in relation to the COVID-19 state of emergency measures, having a direct impact on the
interest of on-street parking from visitors.

5. Conclusions

As presented in the previous section, the parking volume and average parking du-
ration were highly impacted due to the COVID-19 state of emergency in Melbourne city.
Areal/zonal-based impact analysis, from 16 March to 26 May 2020, in Docklands, Queens-
bery, Southbanks, Titles, and Princess Theatre areas showed a decrease in percentage
change of vehicles present of 29.2%, 36.3%, 37.7%, 23.7%, and 40.9%, respectively, compared
to the same period of the previous year from 16 March to 26 May 2019. Then, considering
the average parking duration as a parameter, Docklands, Queensbery, Southbanks, Titles,
and Princess Theatre areas showed an increase in percentage change of average parking
duration of 45.3%, 17.9%, 64.5%, 38.2%, and 89.3%, respectively, within same period.

Furthermore, the street-level impact analysis of the Princess Theatre area, Lonsdale
Street, Exhibition Street, Spring Street, and Little Bourke Street parking bays showed
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a decrease in percentage change of vehicles present of 38.7%, 56.4%, 12.6%, and 35.1%,
respectively. With the same parametrical comparisons as the zonal analysis, Lonsdale,
Exhibition, Spring, and Little Bourke streets showed an increase in percentage change of
average parking duration of 84%, 103.6%, 153.4%, and 58.3%, respectively. The variation in
the impact of the pandemic might come from a different basis. The social, infrastructural,
and institutional nature of the urban areas and streets might have been impacted by the
pandemic regarding parking demand sensitivity.

Quantifying the impact throughout the urban area might be useful for implementing
different types of parking policies and interventions and to further help maximizing the
performance of COVID-19 urban mobility measures. The massive declines on intercity
transportation brought the direct drop in parking demand. Cities are scrambling to recover
not only the lost parking revenues, but also the significant reduction in fees and fines. As
parking is one of the significant incomes of most municipalities, the decline in income has
resulted in tremendous challenges to support their health care system.

Analyzing the mitigation measures and preparing for the coming “new normal” [40,41]
may assist in understanding the opportunities behind the risks regarding parking industries.
When dealing with policies and measures during the pandemic, it is critical to understand
the interrelationship between jobs and food access, housing, public health, and mobility.
The pandemic is an opportunity for private and public parking transit operators to advance
mobility and parking needs and to strengthen economic resilience, particularly for the most
vulnerable populations with equity and accessibility concepts.

The parking industry response implementation from COVID-19 might include three
basic creative approaches of adaptiveness, pivoting needs, and replacing the lost revenue
approach [30]. Parking lots have been adapted to be used as COVID-19 screening and
as real-time tracking platforms that support the city’s requirements with all the parking
KPIs and the most up-to-date information accessible for the governmental task forces. The
common topics on pivoting demands are that the industry should repurpose, be agile, and
be adaptable during this time. A few ways for pivoting the needs in times of instability to
preserve the quality of the parking and mobility programs can be framed as operational
and financial sections. In operational prioritizing: moving all customer support to a virtual
environment, transitioning enforcement staff to assist with healthcare operations, and
renegotiating travel contracts to lower rates and move transport drivers to on-demand
benefits. In financial prioritizing: plan and finance the year into smaller fiscal budgets rather
than completing the full budget process (due to the flexible nature of the pandemic impact)
and arrange to prioritize socio-economic zones based on needs targeting equity, accessibility,
and vulnerability. In addition, a fast recovery plan to support the potential revenue loss has
to be developed and implemented as early as possible. Financial models are required to
understand the revenue impacts on the ground, with varying possibilities on the expected
saturation curve and with further extension for the coming years. Understanding the
pandemic projection, the estimated saturation line, and the nation’s health institutions’
capacity helps to design an acceptable and successful financial recovery plan.

Planners and specialists witness new opportunities to sustain their projects, which
mainly push for smart working and reduce unnecessary labor intensity. The COVID-19
pandemic may require to examine the operations holistically and to be smarter about
our future programs. Some potential positive outcomes are becoming more virtual and
customer friendly, expanding and exploring new technologies, and aligning parking pric-
ing models with the true cost of our parking and mobility programs. Following this, the
COVID-19 impact on parking policy change in relation with the demand shift of commer-
cial ridesharing vehicles can be modeled by discrete decision models, which introduce a
behavioral framework regarding a commercial vehicle parking choice [42]. With additional
considerations regarding the expected future COVID-19 factors, the model may be used for
capturing pick and delivery vehicles regarding parking policy sensitivity.

Future CITY-20's studies of post-COVID-19 parking and urban space trends are di-
vided into three categories: Smart Parking and Curb Management, Artificial Intelligence
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and Data Driven Technology, and Autonomous Vehicles (AVs). Smart parking manage-
ment and enforcement ethos can cure almost all parking problems during the emergency
period of the pandemic. Real-time IoT parking solutions and management are expected
to be used in future applications to optimize parking operation and management [43,44].
COVID-19 has also expedited the improvement in artificial intelligence in numerous diverse
aspects representing a lessening of human contact or nearness, which furthermore may
be regarded as a catalyst for the advancement of open source information and data. For
instance, recent publications such as [45-47] have mined and structured big data to forecast
and predict this and other illnesses. The rise of AVs may be placed in public transportation
services, which may serve as an advanced arrangement to defend the transit workforce.
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Abbreviations

Al artificial intelligence

APP smart mobile/computer/Android /TV applications
AV autonomous vehicles

CBD Central Business District

COVID-19 Coronavirus disease 2019

EIT European Institute of Innovation and Technology
TIATA International Air Transport Association

ICAO International Civil Aviation Organization

IEM Ingenierie Electronique et Monetique

IoT Internet of Things

MOBIS Mobility Behaviour In Switzerland

TUMI Transformative Urban Mobility Initiative

WHO World Health Organization

YOY year-over-year
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Abstract: This study aimed to determine psychological and physical differences in elementary and
junior high school teachers during COVID-19. This questionnaire-based cross-sectional study was
conducted among 427 teachers in Tokyo, Japan (between 15 and 30 October 2020). The questionnaire
explored school type (elementary and middle schools), sex, age, and COVID-19 changes (psychologi-
cal changes, physical changes, impact on work, and infection control issues perceived to be stressed).
Post hoc tests for I cannot concentrate on work at all, found a significant difference for no change—improved
and male teacher in elementary school female teacher in junior high school (p = 0.03). Regarding stress
situation due to implementation of COVID-19 infection control, there were significant differences for
disinfection work by teachers between male teachers in elementary school female teachers in junior high school
(p = 0.04) and female teachers in elementary school female teachers in junior high school (p = 0.03). COVID-19
produced differences in psychological and physical changes between male and female teachers in
elementary and junior high schools. Some experienced psychological and physical stress, whereas
others showed improvement. Given that teachers’ mental health also affects students” educational
quality, it is important to understand and improve teachers’ psychological and physical circumstances
and stress.

Keywords: COVID-19; elementary teacher; junior high school teacher; psychological change; physical
changes

1. Introduction

A new type of coronavirus occurred in Wuhan City, Hubei Province, China, in De-
cember 2019, [1] which was later named SARS-CoV-2 [2,3]. SARS-CoV-2 rapidly spread
worldwide, and the World Health Organization (WHO) declared a pandemic in March
2020 due to the spread of COVID-19 caused by SARS-CoV-2 [4]. Subsequent lockdown
restrictions occurred throughout the world, which introduced significant changes and
confusion to daily life [5,6]. Currently, the total number of infected people worldwide is
more than 560 million, and the number of deaths is more than 6 million [7].

In Japan, an emergency declaration was issued for the first time in April 2020 [8], and
the government requested that restaurants and schools should close and working from
home was encouraged [9,10]. A new way of life was proposed to reduce the spread of
infection, and a comprehensive behavioral change was required [11]. Specifically, basic
infection control measures, such as hand washing and physical distance [12,13], as well as
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routine infection control measures, such as thorough avoidance of three Cs (closed spaces,
crowded places, close-contact settings) [14] and a reduction in human contact by 80%, were
implemented [15]. Such measures were also introduced in many parts of the world [16,17],
which is a stressor for many people [18].

A new method of education in schools was introduced to ensure the rights of children
to receive an education [19]. Specifically, in addition to basic infection control measures,
restrictions included eating silently and the promotion of online classes [19]. However,
it has been recognized that these restrictions impose a physical and mental burden on
teachers managing the learning environment of students [20], which affects the mental
health of teachers [21].

In previous studies, education has been considered as one of the highly stressful
occupations [22]; moreover, occupational stress affects mental and physical health, and
increases the risk of developing conditions, such as depression [23]. Indeed, teachers have
a higher risk of developing depression compared with other occupations [24], and the
development of burnout syndrome due to accumulated stress has also been reported [25].
During the COVID-19 pandemic, teachers may be more highly stressed than previously [26]
as they are required to take various measures to prevent the spread of infection in addition
to their own personal safety [27].

In a survey conducted in Greece in 2020, changes were found in teachers’ mind and
body related to COVID-19, and results showed that many teachers felt anxious due to the
COVID-19 pandemic [28]. Compared with before the pandemic, mental changes were
associated with decreased QOL [29], increased stress [30], and increased burnout [30,31].
There are some reports that female faculty are more likely to develop fear, depression,
stress disorders and depression in comparison of sex [32]. In terms of physical changes,
worsening of diet, sleep, and alcohol consumption have also been reported [6,17,18].

However, these reports have not analyzed the differences between elementary school
teachers and junior high school teachers, and the stress situation of teachers by school type
has not been clarified. Teachers are required to provide support for elementary school
pupils and junior high school pupils in accordance with the students” developmental stage;
hence, the nature of their work and the way they interact with pupils should differ [33].
This has led to the possibility that the stress status of teachers involved in teaching during
the COVID-19 pandemic can vary widely between elementary and junior high schools.
Therefore, it is of crucial public health importance to clarify the stress situation of teachers
by school type to improve teachers’ mental health [34].

Therefore, this study conducted a cross-sectional survey of elementary and junior
high school teachers to clarify the physical and psychological differences during the
COVID-19 pandemic.

2. Materials and Methods
2.1. Study Design and Participants

This was a cross-sectional study conducted among elementary and junior high school
teachers in the Shinagawa Ward of Tokyo, Japan. The questionnaire (see Supplementary Ma-
terials) was designed to be answered in about 10 min. The participants included elementary
and junior high school teachers in Shinagawa Ward, Tokyo. Data were collected for over
16 days between 15 October 2020 and 30 October 2020. Questionnaires were distributed
to teachers of 18 elementary schools and 11 junior high schools selected randomly, and
collection was by mail. Teachers who participated in the study responded anonymously to
the questionnaire. Study participants provided informed written consent and participants
participated in the study voluntarily (Figure 1).
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Cross-sectional study

Elementary and junior high school teachers in the Shinagawa Ward of Tokyo, Japan

Schools were randomly selected (18 elementary schools, 11 junior high
schools)

—| Informed consent was obtained and the questionnaire was distributed |

—| Data were collected between October 15, 2020, and October 30, 2020 |

—| Participants responded anonymously to the questionnaire |

| Data analysis (n = 427) |

Figure 1. Flow-chart of the cross-sectional study.

2.2. Survey Items

The questionnaire consisted of five sections, one for demographic data (age, sex, type
of school), and four sections asked about the impact of COVID-19 (psychological changes,
physical changes, impact on work, and stressed relating to infection control items).

Of the four sections of the questionnaire, the psychological change, physical change,
and impact on work sections were prepared using items related to this study from the
Disaster Reliever Mental Health Manual prepared in Japan [35]. The “infection counter-
measure matter that causes stress” question item was made to be the matter for which the
implementation is required in the infection countermeasure guideline for school educa-
tion [36]. All the questions in the four sections investigating the impact of COVID-19 were
closed questions.

In terms of psychological change, 13 items were investigated, including, feeling high,
irritation, anger, indignation, regret, anxiety, chagrin, impotent feelings, depression, no
sense of reality, no sense of time, emotions are paralyzed, unable to concentrate on work at
all, and no longer wanting to engage with others.

Six physical changes were investigated: insomnia/nightmares, palpitations, standing
dizziness, sweating, dyspnea, and digestive symptoms. The following four items were
investigated regarding the effect on work: excessively immersed in the work, reduction in
thinking ability, lower concentration ability, and lower work efficiency. These items were
measured at three levels: more improved than before, same as before, more deteriorated
than before.

As for the infection countermeasures that felt stress, nine items were surveyed, namely
always wearing a mask, body temperature and health status, disinfection work by teachers,
social distancing, activity restriction during class, using face shields, prohibition or restric-
tion of play and conversation, eating without talking /no refills, and not allowing children
to serve. These items were measured at two levels—feeling stressed and not feeling stressed.
Subsequently, it was investigated whether there were significant differences between the
types and sex of schools according to these questionnaire responses.

2.3. Sample Size

An online sample size calculator, Raosoft® was used to set the sample size. Sample
sizes were calculated using 50% response rate, 95% confidence interval, 5% error margin,
and the population of teachers in elementary and middle schools in Tokyo as approximately
49,000 [37] (elementary school, n = 33,912, junior high school Rao soft, n = 15,340). As
a result, the sample size recommended was 382. Therefore, the number of participants
surveyed in this study was 427, which included an adequate sample size.

155



Int. J. Environ. Res. Public Health 2022, 19, 7568

2.4. Statistical Analysis

Free statistical software R version 4.0.5 (R Core Team, R Foundation for Statistical
Computing, Vienna, Austria) was used for statistical analysis. Pairwise elimination was
used to exclude missing data from the analysis if any of the two variables had missing
data, to use as much data as possible. Categorical data were tabulated with frequency
and percentage, and continuous data were tabulated with mean £ SD. Differences in
characteristics by school type and sex were assessed by Fisher’s exact test. In addition, for
items with significant differences, multiple comparison tests of proportions were performed
using the Hochberg methods. The level of significance in all tests was set at p < 0.05.

2.5. Ethical Considerations

The study was conducted with the approval of the Ethics Committee of the Hoshi
University (approval no. 2020-05). The study was conducted in accordance with the
Declaration of Helsinki Ethical Guidelines for Medical Research Involving Human Subjects.
All participants provided written informed consent.

3. Results
3.1. Demographic Features

There were 427 participants, of whom 305 (71.4%) were elementary school teachers
and 122 (28.6%) were junior high school teachers (Table 1). A total of 418 participants
responded to sex—157 (37.6%) males and 261 (62.4%) females. A total of 403 participants
responded to age—92 (22.8%) in their 20 s, 139 (34.5%) in their 30 s, 79 (19.6%) in their 40 s,
64 (15.9%) in their 50 s, and 29 (7.2%) in their 60 s.

Table 1. Participants’ characteristics (n=427).

Variables
School Type (n = 427)
Elementary school 305 (71.4 %)
Junior high school 122 (28.6 %)
Sex (n =418)
Male 157 (37.6 %)
Female 261 (62.4 %)
Age (n =403)
20-29 years 92 (22.8%)
30-39 years 139 (34.5%)
3049 years 79 (19.6%)
50-59 years 64 (15.9%)
>60 years 29 (7.2%)

3.2. Changes in Psychological Conditions before and after School Closure Due to COVID-19

Changes in psychological status before and after school closures are presented in
Table 2. Fischer’s exact test revealed significant differences in the item “I cannot concentrate
on work at all” (p = 0.02). In addition, when multiple comparison tests were performed as
a post hoc test for I cannot concentrate on work at all, a significant difference was found
in the part of no change-improved and male teacher in elementary school female teacher
in junior high school (p = 0.03). Regarding the significant difference found in the item “I
cannot concentrate on work at all,” junior high school teachers (males, 9.2%; females, 11.1%)
had a higher response rate than elementary school teachers (males, 0%; females, 3.9%),
indicating that they had improved. Furthermore, female teachers had a higher response
rate to improvement than male teachers.
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Table 2. Changes in psychological conditions before and after school closures due to COVID-19.

Elementary School Junior High School Val
Male Teacher Female Teacher Male Teacher Female Teacher pyatie
Feeling high (n = 409) 0.82
Improved 11 (12.2%) 20 (9.9%) 7 (10.8%) 4 (7.7%)
No Change 63 (70.0%) 143 (70.8%) 49 (75.4%) 35 (67.3%)
Deteriorated 16 (17.8%) 39 (19.3%) 9 (13.8%) 13 (25.0%)
Irritation (n = 410) 0.06
Improved 3(3.4%) 24 (11.8%) 11 (16.9%) 4 (7.5%)
No Change 66 (74.2%) 129 (63.5%) 40 (61.5%) 31 (58.5%)
Deteriorated 20 (22.5%) 50 (24.6%) 14 (21.5%) 18 (34.0%)
Anger (n = 408) 0.42
Improved 3 (3.4%) 22 (10.9%) 7 (10.8%) 4 (7.7%)
No Change 73 (82.0%) 146 (72.3%) 47 (72.3%) 38 (73.1%)
Deteriorated 13 (14.6%) 34 (16.8%) 11 (16.9%) 10 (19.2%)
Indignation (n = 409) 0.10
Improved 3 (3.4%) 17 (8.4%) 5 (7.7%) 2 (3.8%)
No Change 71 (79.8%) 155 (76.4%) 50 (76.9%) 33 (63.5%)
Deteriorated 15 (16.9%) 31 (15.3%) 10 (15.4%) 17 (32.7%)
Anxiety (n = 411) 0.73
Improved 9 (10.1%) 26 (12.8%) 6 (9.2%) 8 (14.8%)
No Change 55 (61.8%) 106 (52.2%) 40 (61.5%) 29 (53.7%)
Deteriorated 25 (28.1%) 71 (35.0%) 19 (29.2%) 17 (31.5%)
Chagrin (n = 411) 0.24
Improved 7 (7.9%) 24 (11.8%) 10 (15.4%) 8 (14.8%)
No Change 69 (77.5%) 135 (66.5%) 44 (67.7%) 31 (57.4%)
Deteriorated 13 (14.6%) 44 (21.7%) 11 (16.9%) 15 (27.8%)
Impotent feeling (n = 409) 0.33
Improved 6 (6.7%) 16 (8.0%) 8 (12.3%) 4 (7.4%)
No Change 67 (75.3%) 149 (74.1%) 50 (76.9%) 35 (64.8%)
Deteriorated 16 (18.0%) 36 (17.9%) 7 (10.8%) 15 (27.8%)
Depression (n = 412) 0.499
Improved 4 (4.4%) 19 (9.4%) 8 (12.3%) 5 (9.3%)
No Change 63 (70.0%) 129 (63.5%) 45 (69.2%) 34 (63.0%)
Deteriorated 23 (25.6%) 55 (27.1%) 12 (18.5%) 15 (27.8%)
NSOR (n = 411) 0.86
Improved 8 (8.8%) 26 (12.9%) 10 (15.4%) 5 (9.4%)
No Change 72 (79.1%) 146 (72.3%) 47 (72.3%) 41 (77.4%)
Deteriorated 11 (12.1%) 30 (14.9%) 8 (12.3%) 7 (13.2%)
NSOT (n = 412) 0.89
Improved 5 (5.5%) 19 (9.4%) 7 (10.8%) 5 (9.3%)
No Change 77 (84.6%) 161 (79.7%) 51 (78.5%) 42 (77.8%)
Deteriorated 9 (9.9%) 22 (10.9%) 7 (10.8%) 7 (13.0%)
EAP (n =412) 0.40
Improved 3(3.3%) 9 (4.4%) 6 (9.2%) 5 (9.4%)
No Change 82 (90.1%) 173 (85.2%) 53 (81.5%) 42 (79.2%)
Deteriorated 6 (6.6%) 21 (10.3%) 6 (9.2%) 6 (11.3%)
ICCOW (n =413) 0.02
Improved 0 (0%) 8 (3.9%) 6 (9.2%) 6 (11.1%)
No Change 78 (85.7%) 169 (83.3%) 49 (75.4%) 39 (72.2%)
Deteriorated 13 (14.3%) 26 (12.8%) 10 (15.4%) 9 (16.7%)
NLWTEWO (n = 412) 0.50
Improved 3(3.3%) 13 (6.4%) 5(7.7%) 4 (7.5%)
No Change 74 (82.2%) 153 (75.0%) 54 (83.1%) 41 (77.4%)
Deteriorated 13 (14.4%) 38 (18.6%) 6 (9.2%) 8 (15.1%)

p-values were derived from Fisher’s exact test analysis. Abbreviations: NSOR = No sense of reality; NSOT = No
sense of time; EAP = Emotions are paralyzed; ICCOW = I cannot concentrate on work at all; NLWTEWO = No
longer wanting to engage with others.
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3.3. Changes in Physical Symptoms before and after School Closure Due to COVID-19

Changes in physical conditions before and after school closure are presented in Table 3.
Fischer’s exact test showed significant differences for insomnia/nightmares (p = 0.009) and
standing dizziness (p = 0.03). Regarding insomnia/nightmares, many female teachers of
elementary (18.0%) and junior high schools (18.5%) answered that physical symptoms had
deteriorated. Moreover, at the same time, a small number of female teachers responded
that their insomnia/nightmare symptoms had improved (elementary female teacher: 7.8%,
junior high school female teacher: 9.3%). Regarding standing dizziness, many female
teachers in junior high school answered that it had deteriorated. In addition, a multiple
comparisons test was performed for insomnia/nightmares and standing dizziness as a post
hoc test, and no significant differences were found.

Table 3. Changes in physical symptoms before and after school closures due to COVID-19.

Elementary School Junior High School val
Male Teacher Female Teacher Male Teacher Female Teacher pryatue
Insomnia/nightmares (n = 413) 0.009
Improved 1(1.1%) 16 (7.8%) 2 (3.2%) 5(9.3%)
No Change 82 (90.1%) 152 (74.1%) 56 (88.9%) 39 (72.2%)
Deteriorated 8 (8.8%) 37 (18.0%) 5 (7.9%) 10 (18.5%)
Palpitations (n = 413) 0.13
Improved 1(1.1%) 12 (5.9%) 1 (1.6%) 0 (0%)
No Change 86 (94.5%) 173 (84.4%) 59 (92.2%) 48 (90.6%)
Deteriorated 4 (4.4%) 20 (9.8%) 4 (6.2%) 5 (9.4%)
Standing dizziness (n = 414) 0.03
Improved 1(1.1%) 16 (7.8%) 2 (3.1%) 0 (0%)
No Change 85 (93.4%) 169 (82.4%) 57 (89.1%) 46 (85.2%)
Deteriorated 5 (5.5%) 20 (9.8%) 5 (7.8%) 8 (14.8%)
Sweating (n = 414) 0.83
Improved 1(1.1%) 7 (3.4%) 1 (1.6%) 1 (1.9%)
No Change 85 (93.4%) 182 (88.8%) 56 (87.5%) 49 (90.7%)
Deteriorated 5 (5.5%) 16 (7.8%) 7 (10.9%) 4 (7.4%)
Dyspnea (n = 414) 0.93
Improved 1(1.1%) 5 (2.4%) 1 (1.6%) 0 (0%)
No Change 87 (95.6%) 190 (92.7%) 59 (92.2%) 51 (94.4%)
Deteriorated 3 (3.3%) 10 (4.9%) 4 (6.2%) 3 (5.6%)
Digestive symptoms (n = 414) 0.55
Improved 1 (1.1%) 7 (3.4%) 0 (0%) 1 (1.9%)
No Change 85 (93.4%) 176 (85.9%) 58 (90.6%) 48 (88.9%)
Deteriorated 5 (5.5%) 22 (10.7%) 6 (9.4%) 5(9.3%)

p-Value derives from Fisher’s exact test analysis.

3.4. Impact of COVID-19 on Work before and after School Closure

The impact of COVID-19 on work before and after school closures presented in
Table 4. Fischer’s exact test showed no significant differences among all four items. In sex
comparisons, a greater proportion of female respondents stated that they had deteriorated
in lowering of concentration ability compared with male teachers. In the comparison
between the types of school, a large proportion of junior high school teachers answered that
all four items deteriorated. In terms of lowering of work efficiency, >15% of the teachers
indicated that they had deteriorated, especially junior high school teachers who indicated
that they had deteriorated to a greater extent than elementary school teachers.
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Table 4. Impact of COVID-19 on work before and after school closures.

Elementary School Junior High School val
Male Teacher Female Teacher Male Teacher Female Teacher p-ratue
EIITW (n = 406) 0.37
Improved 6 (6.7%) 18 (9.0%) 4 (6.2%) 6 (11.5%)
No Change 76 (85.4%) 154 (77.0%) 54 (83.1%) 36 (69.2%)
Deteriorated 7 (7.9%) 28 (14.0%) 7 (10.8%) 10 (19.2%)
LOTTA (n = 408) 0.80
Improved 7 (7.9%) 13 (6.5%) 5(7.7%) 3 (5.6%)
No Change 70 (78.7%) 154 (77.0%) 50 (76.9%) 38 (70.4%)
Deteriorated 12 (13.5%) 33 (16.5%) 10 (15.4%) 13 (24.1%)
LOTCA (n = 403) 0.79
Improved 6 (6.8%) 11 (5.6%) 3 (4.6%) 4 (7.4%)
No Change 66 (75.0%) 151 (77.0%) 53 (81.5%) 37 (68.5%)
Deteriorated 16 (18.2%) 34 (17.3%) 9 (13.8%) 13 (24.1%)
LOTWE (n = 406) 0.31
Improved 1(1.1%) 11 (5.5%) 3 (4.6%) 3 (5.7%)
No Change 73 (83.0%) 150 (75.0%) 46 (70.8%) 36 (67.9%)
Deteriorated 14 (15.9%) 39 (19.5%) 16 (24.6%) 14 (26.4%)

Abbreviations: EIITW = Excessively immersed in the work; LOTTA = Lowering of the thinking ability;
LOTCA = Lowering of the concentration ability; LOTWE = Lowering of the work efficiency. p-values were
derived from Fisher’s exact test analysis.

3.5. Stress Causes for Teachers Associated with COVID-19 Infection Control

The stress situation due to COVID-19 infection countermeasures is presented in Table 5.
Fischer’s exact test showed significant differences in four items, namely, always wearing
mask (p = 0.04), disinfection work by teachers (p = 0.03), activity restriction during class
(p = 0.05), and prohibition or restriction of play and conversation (p = 0.04). In addition,
when the multiple comparison tests were carried out as a post hoc test for the four items that
showed significant differences, there were two significant differences in faculty disinfection
work, between the two combination parts of male teachers in elementary school and female
teachers in junior high school (p = 0.04) and female teachers in elementary school and
female teachers in junior high school (p = 0.03).

Table 5. Stress causes for teachers associated with COVID-19 infection control.

Elementary School Junior High School p-Value
Male Teacher Female Teacher Male Teacher Female Teacher
AWM (n = 413) 0.04
No 29 (31.9%) 50 (24.6%) 27 (41.5%) 12 (22.2%)
Yes 62 (68.1%) 153 (75.4%) 38 (58.5%) 42 (77.8%)
BTAHSG (n = 413) 0.54
No 67 (73.6%) 144 (70.9%) 52 (80.0%) 41 (75.9%)
Yes 24 (26.4%) 59 (29.1%) 13 (20.0%) 13 (24.1%)
DWBT (n = 412) 0.03
No 42 (46.2%) 91 (45.0%) 25 (38.5%) 13 (24.1%)
Yes 49 (53.8%) 111 (55.0%) 40 (61.5%) 41 (75.9%)
Social distance (n = 413) 0.71
No 59 (64.8%) 138 (68.0%) 43 (66.2%) 40 (74.1%)
Yes 32 (35.2%) 65 (32.0%) 22 (33.8%) 14 (25.9%)
ARDC (n = 413) 0.05
No 23 (25.3%) 74 (36.5%) 28 (43.1%) 24 (44.4%)
Yes 68 (74.7%) 129 (63.5%) 37 (56.9%) 30 (55.6%)
UFS (n = 413) 0.08
No 68 (74.7%) 143 (70.4%) 56 (86.2%) 40 (74.1%)
Yes 23 (25.3%) 60 (29.6%) 9 (13.8%) 14 (25.9%)
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Table 5. Cont.

Elementary School Junior High School p-Value
Male Teacher Female Teacher Male Teacher Female Teacher
POROPAC (n = 413) 0.04
No 35 (38.5%) 99 (48.8%) 36 (55.4%) 33 (61.1%)
Yes 56 (61.5%) 104 (51.2%) 29 (44.6%) 21 (38.9%)
EWTNR (n = 413) 0.42
No 42 (46.2%) 113 (55.7%) 32 (49.2%) 26 (48.1%)
Yes 49 (53.8%) 90 (44.3%) 33 (50.8%) 28 (51.9%)
DNLCR (n = 413) 0.62
No 70 (76.9%) 153 (75.4%) 48 (73.8%) 45 (83.3%)
Yes 21 (23.1%) 50 (24.6%) 17 (26.2%) 9 (16.7%)

Abbreviations: AWM = Always wearing mask; BTAHSG = Body temperature and health status grasping;
DWBT = Disinfection work by teachers; ARDC = Activity restriction during class; UFS = Using face shield;
POROPAC = Prohibition or restriction of play and conversation; EWTNR = Eat without talking /no refills;
DNLCR = Do not let children serve. p-values were derived from Fisher’s exact test analysis.

4. Discussion

In Japan, the number of teachers suffering psychologically and physical increased
more than twice over the 10-year period from 2002 to 2011, with an actual number of more
than 5000 [38]. Worldwide, teachers” occupational mental health problems are serious [24],
and main teachers’ reasons for leaving are mental illness resulting from stress disorders
and depression. Changes in schools due to COVID-19 have been linked with increased
stress for faculty staff. This study assessed psychological and physical changes in teachers
by school type and sex during the COVID-19 pandemic. The results showed significant
differences in psychological symptom changes for I cannot concentrate on work at all, and
in physical symptom changes for insomnia/nightmares and standing dizziness. Additionally,
there were significant differences between males and females in elementary and junior high
school teachers in the items of always wearing a mask, disinfection work by teachers, activity
restriction during class, and prohibition or restriction of play and conversation in stressful situations
resulting from the implementation of COVID-19 infection control measures. Furthermore,
multiple comparison tests were performed on items for which a significant difference was
found. As a result, two significant differences were found. The first was in the combination
of elementary school male teachers—junior high school female teachers and improved—
unchanged in I cannot concentrate on work at all. The second was in terms of stress—there
was a significant difference between elementary school male teachers—junior high school
female teachers and elementary school female teachers—junior high school female teachers
in disinfection work by teachers.

The significant differences in the combination of female teachers in elementary school
female teachers in male schools and improved—no change in I cannot concentrate on work at all
of the psychological change may be attributed to the fact that the perceived stress and burden
of elementary and middle school faculty was alleviated by COVID-19 spread. Previous inves-
tigations have reported that junior high school teachers are stressed by instructing students
in club activities, and that elementary school teachers are stressed by the implementation
of executive officials and committees [39]. Almost all students in junior high schools in
Japan belong to clubs, and teachers provide guidance to students outside hours every day,
including in holidays. In reality, junior high school teachers provide club activities even at
the expense of holidays, and this is regarded as a cause of stress for teachers in Japan. With
this in mind, it is possible that the burden on junior high school teachers was greatly reduced
by the limitations on club activities due to the spread of COVID-19.

In Japan, more females than males work and are responsible for housework and
parenting, and the decrease in teaching time for division activities requiring out-of-hours
work is believed to directly affect the reduction in the burden on female teachers in junior
high schools. Worldwide, it has also been reported that the burden of female teachers who
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are compatible with home and work is substantial [40,41], and the results of this survey
may be transferrable to other countries.

In terms of physical changes, Fischer’s exact test showed significant differences in two
items, insomnia/nightmares and standing dizziness. However, all post hoc tests for multiple
comparisons showed no significant differences. In terms of insomnia/nightmares, elementary
and junior high school female teachers showed higher improved response rates than male
teachers. In contrast, there was a higher number of female teachers who responded that
their insomnia/nightmares had deteriorated. Regarding this, the causes of insomnia/nightmares
is believed to be stress, and females are more likely to feel psychological stresses, such
as anxiety, than males. Therefore, while COVID-19 induces stress due to changes, at the
same time, the reduction in workload may reduce stress. Regarding standing dizziness, the
response rate of the participants who answered that the standing dizziness deteriorated was
higher in middle school teachers than the elementary school teachers. For females, 0% of
junior high school teachers and 7.8% of elementary school teachers responded that standing
dizziness had improved, with the percentages of value differing by 7.8%. This may be
because club activities are a major burden for junior high school teachers, and furthermore,
female find balancing work with housework and childcare is stressful. However, some
teachers answered that they improved in all items, and it is suggested that there some
positive aspects to the spread of COVID-19.

No significant differences were found between school type and teacher sex in changes
in impact on work. When checking each item, about 70% of teachers answered that there
was no change in all items. Moreover, regardless of the sex and school type, approximately
10-20% of teachers responded that they had deteriorated in terms of decreased thinking,
concentration, and lowering of the work efficiency, and a small percentage of teachers responded
that they had improved. From this, it is suggested that the deterioration of thinking ability,
concentration, and work efficiency occurred in some school teachers irrespective of the
type of school and sex because anxiety [27] was newly generated by COVID-19.

The Fischer’s exact test found significant differences in the items always wearing a
mask, disinfection work by teachers, activity restriction during class, and prohibition or
restriction of play and conversation in the stress situation resulting from the implemen-
tation of COVID-19 infection countermeasure. Furthermore, the results of the multiple
comparison test revealed significant differences in teacher disinfection work. In always
wearing a mask, a higher proportion of females felt stressed compared with males. This
may be because make-up adheres to the mask and make-up is spoiled [42]; in addition,
hairstyles do not last well under the moisture from wearing the mask [43], and females
report feeling stress from this.

Regarding disinfection work by teachers, a higher proportion of junior high school
teachers reported feeling stressed compared with elementary school teachers. In addition,
the percentage of females who answered that they were feeling stressed was higher than
males. This is thought to be due in part to the fact that junior high schools have club
activities and the range of activities is wider than that of elementary schools; therefore, the
range of disinfection by teachers is also wider. In addition, generally, more females are
more sensitive than males about their appearance and hands, consequently, the continuous
use of disinfectants, which can cause rough hands [44], may make females more sensitive
and susceptible to stress than in males. Moreover, given that females have lower physical
strength than young males, they are more likely to feel the burden considering that the dis-
infection range is broad, including desks, chairs, rockers, and other items [36], which takes
time and effort because carrying equipment, such as cleaning tools, can be a heavy burden.

Regarding the items of activity restriction during class and prohibition or restriction
of play and conversation, a higher proportion of elementary school teachers felt stressed
compared with junior high school teachers. Additionally, the percentage of males feeling
stressed was higher than that of females. This is thought to have led to the burden and
stress among elementary school teachers because there are more children in elementary
school who are mentally younger than those in junior high school, and it is difficult
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to take command. Male elementary school teachers can be more stressed than female
teachers because male teachers are more in charge of instructing students. Male teachers,
in particular, often yell to discipline their students, which can be a reason for stress [45].
Equally, a number of teachers felt they had improved in some items, and it can be said
that the spread of COVID-19 is not only bad but also that it has had a positive effect in
some areas.

There are several limitations to this study. First, Fisher’s exact test showed significant
differences, whereas the multiple comparison test showed that some of them did not
significantly differ. As 18 tests were performed for a single item in this study’s multiple
testing, it is possible that a so-called type 2 error occurred. Second, this study is aimed at
teachers in Tokyo, and the opinions of teachers in other areas are not reflected. Thirdly, this
study did not perform model analysis. Accordingly, the current study tested and reported
the distribution of the results obtained during the COVID-19 pandemic and epidemic and
the differences between them. Some of the dependent variables included herein had three
levels, so all analyses were performed in a unified manner using Fisher’s exact test for ease
of interpretation. Given that this survey found significant differences between the levels,
further research considering the use of models, such as logistic regression analysis, can be
considered in order to evaluate the factors. Nonetheless, this study is the first to assess
differences in elementary and junior high schools among teachers and psychological and
physical differences between sex due to the COVID-19 pandemic.

The emphasized point of our study is that previous reports have only assessed the
relationship between sexes [29] or school differences [46] and psychological and physical
effects, and no survey like this one has previously been conducted. In addition, it is
interesting to evaluate not only the rate of increasing stress due to the spread of COVID-19
but also the rate of improvement. In fact, statistically significant differences between male
and female teachers in elementary and junior high schools were also observed in the rate of
improvement in this study. Reports evaluating the percentage of points that were improved
by COVID-19 spread are unusual and remarkable. Even after COVID-19 has ended, it will
be important to conduct surveys to assess the differences in improvements and deterioration
between schools and sex, as well as overall improvement and deterioration, and to evaluate
the causes objectively.

Teachers play an important role not only in their studies but also in the development
of children’s mental health, as experts in education in daily contact with students and
children [47]. Teachers’ mental health also affects students” educational quality, so it is
important to understand and improve teachers’ psychological and physical situations and
stress. While the spread of COVID-19 has increased the stressors of many teachers, it is
also possible that the work has been streamlined. It is recommended that administrative
personnel involved in education and members of local educational committees conduct
surveys such as this on a regular basis and assess the results to understand the mental
health of faculty members and to strive to improve the working environment.

5. Conclusions

COVID-19 resulted in differences in psychological and physical changes between male
and female teachers in elementary and junior high schools. While most teachers showed no
change, some experienced psychological and physical stress, whereas others experienced
improvement. Policymakers of administrative and educational committees should conduct
surveys like this on teachers on a regular basis to understand the psychological and physical
stress situations of teachers in a multidimensional manner as well as to decide the policy
for the improvement.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijerph19137568 /s1, COVID-19 questionnaire survey:.
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Abstract: The global acceptance of the SARS-CoV-2 airborne transmission led to prevention measures
based on quality control and air renewal. Among them, carbon dioxide (CO,) measurement has
positioned itself as a cost-efficiency, reliable, and straightforward method to assess indoor air renewal
indirectly. Through the control of COy, it is possible to implement and validate the effectiveness of
prevention measures to reduce the risk of contagion of respiratory diseases by aerosols. Thanks to
the method scalability, CO, measurement has become the gold standard for diagnosing air quality
in shared spaces. Even though collective transport is considered one of the environments with the
highest rate of COVID-19 propagation, little research has been done where the air inside vehicles
is analyzed. This work explores the generation and accumulation of metabolic CO; in a tramway
(Zaragoza, Spain) operation. Importantly, we propose to use the indicator ppm/person as a basis
for comparing environments under different conditions. Our study concludes with an experimental
evaluation of the benefit of modifying some parameters of the Heating—Ventilation—Air conditioning
(HVAC) system. The study of the particle retention efficiency of the implemented filters shows a
poor air cleaning performance that, at present, can be counteracted by opening windows. Seeking a
post-pandemic scenario, it will be crucial to seek strategies to improve air quality in public transport
to prevent the transmission of infectious diseases.

Keywords: airborne; COy; collective transport; SARS-CoV-2; tramway; filtration; infectious diseases;
epidemiology; public health; COVID-19

1. Introduction

Public health strategies are modulated by adjusting to the development of knowl-
edge about the transmission routes of COVID-19. The viral transmission of SARS-CoV-2
human-human has been described from direct respiratory dissemination and indirect
dissemination. On the one hand, direct respiratory dissemination, where the symptomatic
or asymptomatic patient expels contaminated particles in respiratory events, and, on the
other hand, indirect dissemination or via fomites, where transmission is due to contact
with contaminated surfaces. On the other hand, it is possible to differentiate between the
droplet and bioaerosol models with indirect dissemination. While droplets predominate
in close contact, bioaerosols can be transmitted through the air over time and distance [1].
Regarding this pandemic, the scientific community has redefined the concept of bioaerosol,
extending its consideration to airborne particles smaller than 100 pm, based on evidence
and common factors related to the aerodynamics of the particles [1,2]. The spread patterns
of SARS-CoV-2 could not be explained by traditional epidemic models, where homogeneity
in the transmission is assumed [3]. As recognized by the WHO in April 2021 [4], a predom-
inance airborne way has been suggested compared to other propagation models [1,5].

The size of the SARS-CoV-2 virion varies between 70 and 90 nanometers [6,7], and an
average concentration of the virus in the sputum of 7.0 x 10° copies/mL and a maximum of
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2.35 x 107 copies/mL [8]. Consequently, the viral load occupies 2.14 x 106% del bioaerosol
on average. With this value, Lee [9] estimated a theoretical minimum and initial aerosol
size of 4.7 um to contain SARS-CoV-2. However, experimental bioaerosol sampling studies
suggest the presence of the virus in smaller particle sizes (even < 0.25 um) [10-13]. Despite
numerous factors influencing the airborne transmission of pathogens, such as dynam-
ics or their aerial persistence, contagion events can only be explained by a medium and
long-distance airborne transmission model [5]—for example, among small animals [14,15],
from viral superspreading events [16], in the long-distance transmission where infected
individuals do not come into contact direct [17], by asymptomatic individuals transmission
rates [18], and by the prevalence of spread in closed spaces [19]. Specifically, a superspread-
ing event affected public transportation. Shen et al. [20] reported a massive infection of
24/68 (35.3%) people from a single infected individual while being transported in a bus
with air recirculation and poor ventilation.

At the pandemic’s beginning, this route of contagion was dismissed, and more atten-
tion was paid to contagion by droplets and fomites. Consequently, there was controversy
about whether asymptomatic infected individuals could be transmitters of SARS-CoV-2.
However, currently, it has been estimated that 44% (CI95; 30-57%) of secondary cases were
infected during the incubation period [21], where the individuals were asymptomatic. The
global acceptance of the COVID-19 airborne spread allowed an improvement in the pre-
ventive methods, including new techniques for epidemiological management, such as the
measurement of exhaled carbon dioxide (CO,) as an indicator of the risk of contagion [2,22].

Carbon dioxide measurement began to be used in the 19th century to design ventilation
systems in architecture [23]. In the pre-pandemic period, CO, measurement helped improve
academic performance in schools and colleges [24] and, sporadically, control infectious
diseases [25]. Due to the COVID-19 pandemic, CO, measurement has become one of the
preferred preventive strategies to reduce the risk of contagion by aerosols [22,26,27]. The
direct measurement of aerosols to determine the risk of contagion by SARS-CoV-2 is highly
complex and expensive since it requires highly specialized equipment. While there are
handheld instruments or simple sensors to direct measure of aerosol concentrations, these
instruments present different limitations such as they can not discriminate human-exhaled
versus environmental aerosols; usually, they cover a limited range of particle diameter and
hardly measure the submicronic particles. To overcome these hurdles, the CO, level has
been suggested as an indirect indicator of respiratory infectious diseases” transmission [22].
CO; is co-expired with bioaerosols that may contain SARS-CoV-2 in infected people [28-30].
Its quantification provides an idea of indoor air renewal and establishes the risk of infection
as it depends on the viral load [31]. Consequently, the measurement of indoor CO; is
suggested as a reasonable ventilation proxy for respiratory infectious disease. Through its
reading, it is possible to determine what percentage of the air has been exhaled by another
individual (y) according to the expression y = C, x + C;(1 — x), where C, corresponds
to the concentration of CO, in exhaled air (estimated at 40,000 ppm), C, to ambient CO,
concentration, and x to the fraction of exhaled air. For example, if we assume a basal value
is 440 ppm (fresh air outdoors), a group of people manages to increase it to 2300 ppm. In
that case, the approximate percentage of air that those individuals have already breathed
will be around 4.7%.

Despite the ventilation rates being known to influence the concentration of microor-
ganisms in the environment [32], the increase in the exhalation rate of aerosols depending
on CO; has been poorly explored [30]. The concentration of airborne particles and the level
of CO; cannot be directly related due to a disparity between the bioaerosols generated and
the respiratory activity [28]. For example, aerosol generation during forced vocalization
or coughing is not comparable to emission rates during respiration [33]. Thus, two dif-
ferent scenarios (for example, a library versus a gym) with similar CO; levels have to be
interpreted individually.

To date, COVID-19 superspreading events have been reported indoors [34-40]. Thus,
the use of air renewal proxy indoors is crucial for maintaining spaces with a low risk of con-
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tagion by aerosols. Many countries are making high economic investments to equip schools
with CO; meters [41,42]. In addition, other isolated initiatives have successfully imple-
mented this methodology in shopping centers [43], collective transport [44—46], offices [47],
or university and school classrooms [47-52]. Specifically, a recent study in Italy reported
an 82% reduction in secondary COVID-19 infections in schools where they controlled air
renewal from CO, measurements [53].

Currently, CO; concentration limits have been proposed as a reference to minimize
COVID-19 spreading. Usually, it is set between 700 and 1000 ppm regardless of the
event [54,55]. Urban collective transport is one of the policies designed to promote sus-
tainable cities [56]. To prevent respiratory infectious diseases spread, it is important to
analyze the risk involved in every specific means of transport. References on the emission
of bioaerosols in collective transport are scarce despite being the environment with the
second-highest transmission rate of SARS-CoV-2. Lan et al. [57] point to 18% of cases in the
transport sector, only behind the health sector (22%) in the transmission rate of COVID-19
disease. Before the pandemic, some reports pointed to metabolic CO;, concentrations of
up to 3700 ppm in buses [58-61], suggesting poor air renewal. However, due to the pan-
demic, it has been possible to reduce it to <800 ppm by implementing simple ventilation
measures [45]. The operating conditions of the subways require reinforcement of artificial
ventilation, for which values close to 1000 ppm have been found [44,62,63].

Trams have similar characteristics to buses since they circulate outside, and the con-
tribution of natural ventilation can substantially favor air renewal. However, no specific
information on air quality in trams has been reported. This work evaluates the accumula-
tion of metabolic CO, in the Zaragoza Tram (Spain) in circulation under different conditions.
On the one hand, the objective was to analyze the concentration of CO; in different events
(e.g., weekend versus midweek, with and without air recirculation or with different weather
conditions). To compare air renewal regardless of the event, the ppm/person indicator
was used. However, secondary air purification methods that affect contagion risk, such
as added air filtration, must also be considered. Then, the performance of the installed
filtration system is analyzed against the concentration of submicron aerosols (such as the
airborne virus SARS-CoV-2). The work concludes with suggestions for measuring CO, and
recommendations to reduce the risk of contagion in collective transport.

2. Materials and Methods
2.1. Measurement of Metabolic CO;

The metabolic CO; level was measured using Aranet 4 Pro meters (Aranet Wireless
Solutions Espafia SL, Madrid, Spain), with technical characteristics shown in Table 1. The
increase in CO, (ACO;) was determined according to Equation (1):

ACOZ = COZ,indoors - CC)Z,outdoors (1)

Table 1. Technical characteristics of the Aranet 4 Pro meters.

CO, <9999 ppm
P q Temperature 0-50°C
arameters measure Relative humidity 0-85%
Atmospheric pressure 0.3-1.1 atm
Sensor type N-DIR (Non-Dispersive Infrarred)
Communication technology Bluetooth (—12—4 dBm)
Sampling frequency 1 min
Precision £50 ppm (COy)
Dimensions/Weight 70 x 70 x 24 mm/104 g
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The Urbos 3 tram models (CAF, Beasain ES) have a total length of 33 m, a width of
2.65m, and a height of 3.2 m. They have a capacity of 200 seats, of which 54 are seats.
Travelers wore a mask at all times, and the windows remained partially open during
all routes. Eight CO, meters were installed at a 2.25 m height at different points of the
Tram, according to the distribution of Figure 1a. The objective was to obtain realistic and
uniform measurements, representative of the level of exposure experienced by an average
user without running the risk that the measurement would be altered due to the direct
exhalation of the passengers. As shown in Figure 1b, the meters were installed on grab bars,
for which it was necessary to manufacture anti-vandal housings with holes to guarantee
air transfer.

@) HVAC #1 Sensor #8 HVAC #2

Sensor #5 Sensor #4 Sensor #3 Sensor #2  Sensor #1

[ 00000 |

Sensor #6 f‘ Sensor #7 / | Dumpers c3 Seat O  Sensor m  Opened window.~~ Grab bar — '

(b)

Figure 1. Schematic representation (a) of the meters distribution in the Tram and (b) installed sensors
in the Tram. Where, # refers to the meter ID.

2.2. Probability of Contagion Determination by the CO, Level

The CO; measurement was used as a tool to determine the risk of contagion. This
was possible thanks to the theoretical model updated by Peng and Jiménez [22] and the
Aireamos consortium [31].

The risk of airborne indoors transmission (for one person in one hour) P was described
from an alternative equation to that of Wells—Riley [64] (Equation (2)), enunciated by
Rudnick et al. [65] (Equation (3)):

P=1—¢" (2
le—exp(HZf)R @)

where I is the number of infected people in a space, ¢ is the exposure time measured in hours,
g is the number of pathogens spread per hour, f is the fraction re-inhaled ([C — Cy]/Ca), n
is the number of people exposed to the infectious individual, and R is the particle retention
efficiency, that is, the fraction of retained aerosols by the PPE from the exposed individual.
In turn, C is the concentration of CO, indoors, Cy outside, and C, the concentration exhaled
during respiration, defined in parts per million (ppm). The value of n corresponds to the
infectious dose inhaled by a susceptible person. However, Rudnick et al. [65] assumed
some conditions for the model’s description: (1) the indoor air is thoroughly mixed, so
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the infectious aerosol generated can be found anywhere in the space. (2) The external
concentration of CO, remains constant during the event. (3) Removal of viral aerosols due
to virus survival, filtration, or other mechanisms is negligible compared to ventilation.

Peng and Jiménez [22] applied another alternative to the Wells—Riley formulation
regarding the COVID-19 pandemic. The authors derived analytical expressions for the
probability of infection indoors through the concentration of CO,. The expected value of
(n) can be calculated for an uninfected person, assuming the probability that the individual
is immune n;,, according to Equation (4):

(n) = (1 =) CpBD(1 —mjy) @

where C,, corresponds to the average number of viruses (quantos.m?), B to the respiratory
rate of the susceptible person (m3 h~1!) that will vary depending on the activity carried out
at that time, D the event duration (h), and m;, the filtration efficiency of the mask during
inhalation. Consequently, assuming no pre-existence of viral aerosols before the event, the
analytical expression for the expected value of C, can be described by Equation (5):

Cp

_ Nin(N = 1)Ep (1 — mgy) (1 1_ eAD) 5

v AT D
where N is the number of occupants, E,, is the exhalation rate of SARS-CoV-2 per infected
person (quantos.h™1), m,y is the filtration efficiency of the mask during exhalation, V is the
volume of air in the space (m3), and A the global rate constant of virus infectivity loss (h™1,
including all those mechanisms that may affect virus survival (filtration, ventilation, etc.).
Assuming that the increase in CO, (ACO;) of the indoor air concerning that of the outdoor
air is only produced by human activity, it can be described as follows (Equation (6)):

naco2 = ACy.co2BD (6)

where the CO, increment volume and the CO, exhalation rate per person mixing ratio
(ACO,), in m3h~1, can be described as (Equation (7)), where Ay corresponds at ventilation
rate (h™1):

NEycoa (1 1—e P )
Ag Ao2D

AC =
p.CO2 vV

As a result of this model, Peng and Jiménez [22] propose an acceptable probability of
infection limit of p = 0.01%. Although it does not imply safety in any situation, since with
high N and/or D and/or the event occurs many times, the probability of infection for the
susceptible person is understated.

2.3. Studied Routes of the Zaragoza Tram

Eighty-eight round trips (44 complete trips) with an average of ~40 min each were
analyzed. As shown in Figure 2, each complete path stops at 42 stations. The routes
included in stations #7—#10/#33—#36, and #10-#16/#27—#33 correspond to the university
area and the city center, respectively.

The CO; meters were installed for three months in the vehicle. We hypothesized that
the variation in the meteorological data obtained during the study days could translate
into variations in the Tram’s ventilation capacity. The variables of interest for five reference
days of December 2020 are shown in Table 2. According to data provided by the Zaragoza
weather station, the average wind speed value in December was 3.25 (£1.65) m/s, so it can
be considered that on days B, C, and D, the values of wind speed and maximum gusts were
low. Low wind speed was an unfavorable condition for the natural ventilation of the Tram.
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Figure 2. Route of the Zaragoza Tram. Where, # refers to the station ID.

Table 2. Meteorological variables of the reference days A, B, C, D, and E. Information prepared by
the Agencia Estatal de Meteorologia of Spain (data collected at the Valdespartera Station, Zaragoza
Spain, 23 December 2020).

Day Taver Tmin Tinax Dy Ws,aver Ws,mux Pyax P min
A 9.6 °C 6.1°C 13.1°C 30° 31m/s 89m/s 996.8atm 990.0 atm
B 8.2°C 44°C 119°C 16° 1.7m/s 6.1m/s 996.8atm 990.0 atm
C 54°C 3.3°C 74°C 10° 19m/s 5.0m/s 9982atm 996.0 atm
D 79°C 3.8°C 12.0°C 16° 19m/s 56m/s 9947atm  990.8 atm
E 8.9°C 6.2°C 11.6 °C 31° 47m/s 11.1m/s 9949atm 9924 atm

Taver: temperature (average); T,,;,: temperature (minimum); T;4x: temperature (maximum); Dy: wind direction;
Ws,aver: wind speed (average); Wi jax: wind speed (maximum); Py atmospheric pressure (maximum); and Py,
atmospheric pressure (minimum).

2.4. Determination of Filtration Efficiency against Submicron Particles and Filters’ Pressure Drop

The filter’s performance was studied in-vitro to assess its effectiveness against submi-
cron particle sizes, as is the case with the SARS-CoV-2 virus and other respiratory viruses.
The filter used during the tests was specially implemented due to the current COVID-19
pandemic (Coarse 75% according to UNE-EN ISO 16890, Merak Long Life Filter, Madrid
SP). As depicted in Figure 1, two filters were arranged in two HVAC units installed in the
Tram, which drive a total flow of 2800-3300 m? /h, with an air ratio of 1:3 fresh/return air.

As shown in Figure 3a, NaCl aerosols were produced using a Topas-ATM?226 generator
with a saline solution of sodium chloride (3 wt.% NaCl in distilled water). Microdroplets
were evaporated using a tubular silica air dryer to produce solid particles. The particle size
distribution (Figure 3b) inside the cabin was measured using an SMPS TSI 3936 composed
of an electrostatic classifier (DMA TSI 3081) and a condensation particle counter (CPC
TSI 3782). An 0.6 L/min flow rate drags the particles. The filter was placed between
bronze discs sealed with Teflon tape, with 30 x 20 mm Teflon washers on each side. The
desired flow rate was adjusted variating the exposed filter area (2.05, 4.1, and 8.1 mm). The
measurements lasted 120 s and were made in duplicate. Measurements were made passing
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through a free tube between measurements to calculate relative efficiency according to
Equation (8), where Cy, stands for concentration upstream and Cj,y,,, stands for concen-
tration downstream. The retention efficiency is expressed in global efficiency as ‘global
number of particles’:

Cup — C
n:1()0><”PC7dOW” )
up

() (b)

Alcohol
Silica-based dryer tilted column /\
_ Bypass SMPS TSI 3936 10° 4 .
,,,,,,,,,,,,,,,,, kY
Acrosol generator DMA TSI 3081 Q“ ."-,
Topas-ATM226 : g 10% %
. 3 ] %
) PC TSI 3 3 \
Cabin : Variable diameter | CPCTSL3782 3 "a
= (20541and81mm) | —— 1
NaCl particles : 10° 4 "\_
J Disc ! }'
Filter sample H i
3 wi% NaCl ) Disc ' 10 100 1000
Solution ' Particle diameter (nm)

Figure 3. Performance test. (a) Diagram of the equipment used to characterize the filters and
(b) particle concentration distribution for efficiency determination measurements in the range
0.1-1.0 pum.

According to Bernoulli’s principle, the pressure drop was carried out using alcohol
columns connected to the free ends of the tubes. Measurements were also made with a
0.6 L/min volumetric flow rate.

2.5. Statistic Analysis

The statistical analysis of the data has been carried out using the R-UCA v.4.0.2
software (University of Cadiz Spain, 2017) [66]. Mean comparisons were made with the
Student’s t-test at a 99% confidence interval (CI99).

3. Results
3.1. CO; Levels along the Route Are Closely Related to Occupancy

As shown in Figure 4a,b, the increase in the CO; concentration inside the Tram grad-
ually increases as it approaches the city’s downtown area #33—#36 and #27—#33 stations;
approximately, at minutes 20 and 70 on the outward and return routes, respectively. The
CO; increase corresponds to the difference between the Tram indoor values concerning
the external reference value (atmospheric) registered with sensor #8. Analyzing the in-
crement makes it possible to determine the global CO, concentration corresponding to
metabolic CO; to rule out possible external contamination. The calculated ppm/person
ratio (Figure 4c) suggests a concentration of ACO, in the final areas of the route associated
with an accumulation of CO, in the vehicle, which begins to be evident after driving
through the city center. It may be explained because the number of travelers increases in
the city center and accumulates CO; not recirculated at subsequent stops. On average, the
Tram doors open for 16.6 £ 3.6 s at each stop.

ACO; concentration is closely related to tram occupancy (Figure 5a), although there
is some dispersion associated with external variables (Figure 5b). In absolute CO, values,
the maximum average was 835 & 232 ppm, reaching a maximum value of 1229 ppm. In
contrast, the lowest average was 541 + 82 ppm. The pattern of ACO, concentration on
weekdays compared to weekend days is different, although it follows similar trends. As
shown in Tables S1 and S2, the average of the trips made on weekends in the morning was
565 £ 318 ppm; in the afternoon, it was 580 £ 323 ppm, and, at night, it was 602 =+ 330 ppm.
On weekdays, an average of 592 & 319 ppm was obtained in the morning, 595 &+ 324 ppm
in the afternoon, and 541 & 292 ppm at night.
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Figure 4. CO, increment average levels (a) in all weekday and (b) in all weekend routes, and
(c) ppm/person ratio average and maximum gap along routes. The error bars in (a,b) correspond to
the difference between the maximum/minimum data and the average data of all studied routes.
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occupancy. The error bars correspond to the difference between the maximum/minimum data and

the average data of all the studied routes.

3.2. CO, Levels Distribution Is Similar at Different Points Inside the Tram

ACO, dispersion measurements at the different points of the Tram were assessed using
the records from each sensor, as shown in Figure 6. Passenger occupancy is rarely uniform
along the Tram, and differences in the capacity distribution can lead to spatially disparate
values. The average Relative Standard Deviation (RSD) was determined to determine the
homogeneity of the CO, distribution in the Tram. The RSD of 0.09 + 0.02 suggested that
the measurements were relatively homogeneous, although accumulation tendencies are

typically observed in the central area of the Tram.
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3.3. Improving the Air Renewal by the Closing of the Air Return

To study the influence of the return of air from inside the Tram to the air conditioning
equipment, we worked with the data obtained through Sensors #3 and #7, located just
below the grilles of the air return ducts. Days C and D were selected as a reference for the
study due to the similarity between meteorological variables. The ACO, varies when the
air return is closed, as deduced in Figure 7. From the analyses carried out, the extreme
values at the beginning and end of the route corresponding to the accumulation of gas in
the Tram have been removed, offering a more realistic view of the internal atmosphere
during the tour. Under these conditions, the average ppm/person rate without return was
3.5 £ 0.1 (Sensor #3) and 5.1 & 0.1 ppm (Sensor #7) without air return, and 4.9 & 0.7 (Sensor
#3) and 6.0 + 0.4 (Sensor #7) with air return. A reduction in ACO, between 9% and 36%
can be seen concerning air return ACO; levels.
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3.4. Wind Speed Contributes to Increasing Ventilation Rates

The days were divided depending on the wind speed into Set A (Day A and E) and
Set B (Day B to D). Sets were made to assess whether the weather plays a crucial role
in the ventilation. The objective of this section is to compare the ventilation pattern on
days with different weather, with special attention to the average wind and gusts and
the average temperature. The average weather conditions of interest for the days of each
Set are shown in Table 3. In Set A, the average wind speed was 3.9 £ 1.1 m/s, while, in
Set B, it was 1.8 £ 0.1 m/s, with maximum gusts of 10.0 £ 1.6 m/s and 5.6 &+ 0.6 m/s,
respectively. Figure 8a,b represent the ppm/person index for Set A and Set B, respectively.
In addition, 88.4% of the ppm/person indices was higher in Set B than Set A. It was found
that the means of the data from Set B were significantly lower than those from Set A
using a hypothesis contrast (CI99; —3.26——1.38). Limits are harmful in the CI, confirming
that higher data on Set A. A Student’s ¢-test shows that the average ACO; concentration
increases on days with lower wind speeds are higher. However, the difference between the
ppm/person index in Set B compared to Set A is 2.3 &+ 3.3 ppm, compared to averages of
52+ 3.7 ppm (Set A) and 7.5 £ 3.0 ppm (Set B), which represents a reduction of between
31 and 44%. These data suggest that the weather can substantially affect the recirculation
of air inside the Tram, as shown in Figure 8.

Table 3. Meteorological variables of the reference Sets A and B. Information prepared by the Agencia
Estatal de Meteorologia of Spain (data collected at the Valdespartera Station, Zaragoza Spain, 23

December 2020).
Day Taver Tmin Tmax Dw Ws,aver Ws,max
Set A 9.6 +0.5°C 6.1°C 13.1°C 30 £ 0.5° 39+ 11m/s 11.1m/s
Set B 72+15°C 3.3°C 12.0°C 14 £3.5° 1.8+ 0.1m/s 6.1m/s

Taver: temperature (average); T,,;,: temperature (minimum); T;.x: temperature (maximum); Dy: wind direction;
Ws,aver: wind speed (average) and; W juqy: wind speed (maximum).
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Figure 8. ACO, per person ratio (ppm/person) in (a) Set A, and in (b) Set B depending on time;
(c) difference between Set B and Set A depending on time.
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3.5. Tram Speed Does Not Influence the Indoor Ventilation Rate

Tram speed while circulating did not seem to have a substantial effect on the reduction
of ACO, (Figure 9a), nor on the average reduction rate of ACO, at 3 min (Figure 9b). The
Student’s t-test showed no significant relationship between the rate of reduction of ACO,
compared to two different speed ranges: 1-20 km/h and 21-40 km/h. It may be due to the
flow of the HVAC system, which generates internal drafts so that the inflow of air through
the window does not alter the ventilation rates substantially.
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Figure 9. CO; measurements depending on Tram speed. (a) ACO; per person ratio, and (b) average
reduction rate of ACO, depending on the Tram speed.

3.6. The Filtration System Is Not Efficient against Submicron Matter

The tests have been carried out with the filter usually installed on the Tram (Coarse
75% Filter Media). However, the Coarse 75% filter specially implemented due to the current
COVID-19 pandemic has been characterized in the laboratory. The Air Changes per Hour
(ACH) of the Zaragoza Tram remained in the unit’s regular operation at 25 ACH. As shown
in Figure 10, the Coarse 75% filter presented an approximate retention efficiency of 27.9%
for 300 nm particles at a flow rate of ~2500 m3/h. The filtering efficiency decreases up
to 2.4 and 2.3% using ~162 and ~622 m3/h, respectively. The largest particles present
more inertia at high flow rates [67,68], resulting in a higher retention rate in the filter
medium. Even though the clogging of NaCl particles observed in the head loss tests may
have overestimated these results, which could be seen as an increase up to 440 Pascals
of pressure drop (Table 4), this flow would be the most representative of the working
conditions in the HVAC of the Tram system.
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Figure 10. Coarse 75% filter retention efficiency depending on the particle diameter at different
speeds (flow rates).
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Table 4. Conditions used in the filtration tests and pressure drop determination.

Area Flow Rate Velocity in Filter Pressure Drop
2281.6 cm? ~161.8 m3/h 19.4 cm/s 6 Pa
2281.6 cm? ~621.8 m3/h 75.7 cm/s 34 Pa
2281.6 cm? ~2488.8 m3/h 303.0 cm/s 440 Pa

3.7. Probability of Infection

The probability of infection and the attack rate were calculated following the models
proposed by Peng and Jiménez [22] and Aireamos [31]. Based on the average daily CO,
values collected in Tables S1 and S2, an attack rate of 0.06% was determined in the least
favorable case (higher CO; values) and an attack rate of 0.04% in the average case (global av-
erage CO,). According to Peng et Jiménez’s proposal, the probability of contagion <0.01% is
acceptable, so the Tramway did not represent a high risk of contagion under the conditions
studied, as shown in Table 5.

Table 5. Determination of the infection probability and attack rate by aerosols in two different
scenarios simulates the Tram’s ventilation conditions, using Covid Risk Airborne [31] based on the
model Wells-Riley [64].

Scenario Facemask Occupation Exposure Time CO; Level Variant p Attack Rate
# 689 ppm
(global average) Surgical mask 60 pax 10 min (average)/1038 ppm Omicron 0.01% * 0.04% *
& 8 (max)
#2 810 ppm
(maximum Surgical mask 60 pax 10 min (average)/1520 ppm Omicron 0.01% * 0.06% *
average) (max)

* Considering a 78% vaccination with a proportionate immunity of 70%; a cumulative incidence (CI) of 1150 to
14 days /100,000 hab.

4. Discussion

SARS-CoV-2 bioaerosols dissemination in infected individuals” exhalation is widely
demonstrated [69-71]. In addition, the virus’s presence and persistence in the environmen-
tal air have also been extensively studied [10,11,72-78]. Given the apparent predominance
of the airborne route of transmission of COVID-19, various strategies have been investi-
gated to mitigate the risk of contagion. Public transport environments represent the second
sector with the highest transmission of SARS-CoV-2, only behind the health sector [57].
However, computational studies point to a 1.5-1.6% attack rate [79,80]. Even though nu-
merous works have been aimed at evaluating the behavior of bioaerosols in collective
transport by computational fluid dynamics [81-85], extrapolation to actual conditions is
an enormous limitation. One of the strategies that allow the indoor ventilation rate to be
quantified in situ is the measurement of CO,, which has positioned itself as a standard for
air control [22,86,87].

In this work, CO, measurements were collected in 88 round trips, which is equivalent
to more than 79,200 records obtained from eight sensors strategically distributed in the Tram.
The distribution of CO; throughout the vehicle follows a similar trend (RSD 0.09 + 0.02),
so the location of the HVAC systems and natural air intakes seem to favor all points of
the Tram equally. The average absolute CO; of all the routes studied was 685 =+ 59 ppm
(572 &£ 75 ppm-835 £ 232 ppm). This value suggests that the percentage of air already
breathed is <0.7%. Considering the virus emission rates in exhaled breath [71,88], average
time spent in the Tram (~7 min), and the mandatory use of facemasks, the interior of the
vehicle does not represent a risk space of contagion by aerosols (probability of infection [22],
p = 0.01%; attack rate < 0.1%) in the most unfavorable scenario (844 ppm average; 1571 ppm
maximum). In this sense, Moreno et al. [78] reported attack rates between 0.00-0.72% in
buses depending on the respiratory activity, bus air conditions, and the infected individual
without a mask. Thus, the environment of the bus at that time was more dangerous.
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Before the pandemic, some reports pointed to metabolic CO, concentrations of up to
3700 ppm in buses [58-61]. However, a study on the bus in Barcelona (Spain) points to
concentrations close to 1000 ppm that can be easily reduced to <800 ppm by implementing
simple ventilation measures (i.e., opening windows) [45]. The operating subways condi-
tions require a reinforcement of artificial ventilation, for which values close to 1000 ppm
have been found [62,63].

In this paper, we propose using ppm/person indicator as a measure that allows ACO,
levels comparison on different days and circumstances. A key aspect and an obvious one
is the increase in ACO; as the number of passengers increases. Analyzing the ACO, data
measurements, a gradual increase in CO, concentration could be misinterpreted as an
accumulation. However, looking at the ppm/person ratio, it can be seen that the increase
in ACO; comes from an increase in capacity.

Trams are typically similar to buses since they circulate outside and substantially favor
measures to reinforce natural ventilation. In this work, it was found that the speed of the
external wind reduced the ppm/person rates to around 2.3 & 3.3 ppm. Although it seems
a slight benefit, it represents a reduction of between 31 and 44% compared to days with
less wind. Closing the air return (total external air intake) favored ventilation, reducing the
ACO; level between 9 and 36%. Tram speed did not affect ventilation rate, at least in two
data sets with different speed ranges (2-20 km/h versus 2040 km/h). However, the data
could not be compared with the stopped Tram since the conditions were different at that
moment. There are no sources of CO, generation (there are no passengers), and the doors
open entirely, so the air is wholly recirculated in a few minutes.

Favoring natural ventilation (opening windows), the HVAC system, and the use of
masks have been shown to significantly reduce the risk of transmission [30,79,84,89,90].
Masks reduce the bioaerosols emission variably, depending on the type of mask and the
aerodynamics of the scattered particles [91-94]. In addition, HVAC systems should consider
the filter, but it is also possible to optimize it to maintain adverse thermodynamic conditions
for the virus [95,96].

One of the most significant limitations of CO, measurement is that its interpretation
cannot be generalized but must be individualized. Aerosol generation fluctuates substan-
tially depending on the individual’s respiratory event [2,33,97-99]. In addition, environ-
mental conditions directly influence the spread and persistence of the virus [2,100,101].
Therefore, it is not easy to define an effective viral load dependent on CO,, at least in
absolute terms. However, this and other studies demonstrate the effectiveness of CO, mea-
surement to implement effective air renewal patterns and reduce the risk of transmission
of infectious diseases.

5. Conclusions and Recommendations

This work suggests that the measurement of the ACO, concentration inside collective
transport constitutes a cost-efficiency strategy that can reduce the rates of spread of the
respiratory virus by aerosols, as is the case of the SARS-CoV-2 virus. In this work, the
interpretation of the exhaled CO, levels per person (ppm/person) has made it possible
to analyze the behavior of the air inside the Zaragoza Tram. Maintaining the typical
parameters of the HVAC units and implementing the partial opening of the windows,
the maximum CO; level was 1249 ppm. On average, 835 £ 232 ppm have not been
exceeded on any of the routes studied, which indicates that air recirculation is adequate
for vehicle occupancy. In addition, the absolute CO, in all the routes studied was 685 and
690 £ 59 ppm, on average and median, respectively. However, it must be considered that
capacity was reduced on the studied days due to the COVID-19 pandemic restrictions. It
presents a limitation when extrapolating the data to post-pandemic operating conditions.
The passengers’ exposure to the Tram air must also be considered since the average route
usually lasts around 7 min, and passengers wear a mask and keep their distance when
possible. Under the conditions studied, the following recommendations are suggested to
reduce the risk of infection by aerosols and/or improve ventilation performance:
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Maximize outside air intake: by opening windows, increasing door openings in
stations, and minimizing the rate of return air in HVAC units;

Completely recirculate the air between outbound and return routes to avoid exposing
new passengers to the air breathed by previous passengers;

Consider implementing efficient filtration systems against particles (0.1-100 pm) in-
stead of coarse-type filters, efficient against pollen or dust. Additionally to filtration
systems, other air purification technologies can be beneficial in improving air quality.
Even so, its performance needs to be demonstrated under operating conditions and
not just in the laboratory or theoretically;

Limit the respiratory activity of passengers to calm breathing and speech and the use of
masks and other personal protection equipment and promote interpersonal distance.

In addition, from experience gathered during the CO, measurement experiments in

public transport, the following recommendations can be drawn:

Initially, characterizing the distribution of CO, inside the vehicle is essential so that the
location of the sensors allows representative measurements of the space to be taken;
Analyzing the increase in CO, instead of absolute CO, allows for quantifying only
the CO, generated by passengers, discriminating external pollution. Additionally, we
propose to use the ppm/person ratio as the main indicator to compare the exhaled CO,
measurements on different scenarios. This ratio can be easily calculated by dividing
the increase by the number of people. For example, if the increase in CO, is 500
and there are 50 people, the ratio will be 10 ppm/person. In case of studying two
separate days, for example with different weather, we can find that one day the ratio
is 10 ppm/person and another day it is 30 ppm/person. With this information, we
can determine how the change of variables affects independently of the occupation.
Place the gauges at a sufficient height to avoid the direct exhalation of the passengers.
For example, they were placed 2.25 m above ground level for this work. Moreover,
locating meters near doors and windows should avoid underestimating CO, levels.
Evaluate weather conditions, especially airspeed, to interpret the measurement results
on measurement days correctly. For example, in our study, the weather substantially
affected the ventilation ratio inside the Tram. On the days with the greatest wind,
ppm/person rates of up to 44% lower were recorded with respect to the days with the
least wind.

Recording occupancy levels (number of passengers) is essential to estimate the ventila-
tion rate and to be able to compare data in different samples.

Deduct the minimum number of meters to obtain representative measurements of the
space. The heterogeneity in vehicle occupancy requires a consistent distribution of
meters. For example, a meter was placed for every 35 m3 of air in this work.
Considering the respiratory activity of the vehicle occupants is desirable when nor-
malizing the ppm/person rates. In addition, the CO, records must be individually
interpreted depending on variables such as interpersonal distance, the use of masks or
other PPE, and the implemented filtration systems (or other air purification devices).

Under the conditions studied, the Tram does not present itself as a space with a

high risk of infection by aerosols (by using Aireamos Covid Risk Airborne tool [31]; see
Section 3.7). Air quality monitoring began to gain popularity due to the COVID-19 pan-
demic. However, once the focus is on the air [2], a post-pandemic scenario presents
uncertainty when the windows are completely closed and the capacity increases. Conse-
quently, it will be necessary to implement a standard that allows air quality to be regulated
in these post-pandemic conditions. The poor filtration performance against the submicronic
matter of the typically implemented filters is a significant limitation. It is necessary to find
new air control and purification strategies that reduce the risk of disease transmission in
the future.
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Abstract: During the novel coronavirus disease (COVID-19) pandemic, several environmental factors
have influenced activities and protection policy measures in cities. This has had a major effect on
climate change and global environmental catastrophe. In many countries, the strategy of closing
various activities such as tourism and industrial production stopped normal life, transportation, etc.
This closure has a positive impact on the environment. However, the massive use of masks and
personal protection could significantly increase pollution worldwide. The impact on the environment
needs to be calculated to have information for public health actions. In this study, we present a first
overview of the potential impacts of COVID-19 on some environmental matrices in Bogota, Colombia.

Keywords: COVID-19; SARS-CoV-2; global environment; solid waste; air quality; transport

1. Introduction

The worldwide spread of severe acute respiratory syndrome (SARS-CoV-2) has had a
relevant impact on economies, societies, road traffic, tourism, and human interaction [1].
Since COVID-19 was declared a pandemic disease by the WHO on 11 March 2020, strategies
have been focused on individual lifestyles protection, suggesting individual isolation,
confinement, and introducing behavioral practices such as regular hand washing, and the
use of a face mask to help prevent viral transmission, particularly in public spaces [2].

The adoption of measures for preventing COVID-19 transmission has impacted the
environment in many ways. Some authors have postulated that the COVID-19 pandemic
is an opportunity to “reset” the current practices that are putting in check the planetary
sustainability [3-5]. In this vein, a better understanding of pro-environmental behaviors
and practices that took part during the global lockdown may contribute to improving
health globally [6].

In addition, it seems that the imposed restrictions on mobility have drastically modi-
fied patterns and personal behaviors toward energy consumption [7-9]. Additionally, the
COVID-19 pandemic decimated tourism and business travel, as well as labor migration [10],
and modified the patterns of city mobility, increasing the usage of individual transport
modes and behaviors toward bike and car usage [11-13]. In addition, pandemic restrictions
have positively impacted indicators of air and water quality and noise pollution [14], and
environmental noise has been reduced by 75%. This may be associated with a notable
decrease in vehicle traffic, social mobility, international trips, and the temporary closure
of factories [15]. In addition, some authors have stated that countries in which a social
confinement strategy was applied to stop the spread of coronavirus infection showed a
notable decrease in pollution and the emission of greenhouse gases [16-18]. This coin-
cides with reports of a significant reduction in carbon emissions in highly industrialized
countries [19]. Nevertheless, other authors have claimed that the potential benefits of
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the quarantine period have been eclipsed by lifestyles based on the increase in the use
of single-use products, such as personal protective equipment, thwarting efforts toward
reducing plastic pollution [20-22].

Some reports have indicated that the production of solid waste has increased four
times [14,23]. Nevertheless, there is still not enough evidence of the effects on the generation
of solid waste and the generation of environmental and air pollutants during the current
pandemic. It is necessary to consider the negative impacts of the pandemic in terms of
global warming and hospital and general waste to formulate policies regarding waste
management and environmental pollution [24]. Understanding how the lockdown and
social distancing measures have impacted the environment may inspire ideas supporting
the goals of achieving more sustainable cities and communities in 2030 [25]. Therefore,
this study is intended to expose and evaluate the environmental impact of the COVID-19
pandemic in 2020 in Bogota, Colombia.

2. Materials and Methods
2.1. Study Area

Bogota, the capital of Colombia, was selected as the study area. By May 2021, the city
had more than 800 thousand infections since the beginning of the pandemic [26]. Bogota
has approximately 7.2 million inhabitants. The city is located at an average of 2625 m above
sea level and is in the center of Colombia. It has a length of 33 km from south to north
and 16 km from east to west (Figure 1). The economy is mainly based on the service sector,
commerce, manufacturing, and construction. Additionally, it is one of the most polluted
cities in Latin America. Pollution is mainly derived from diesel fuel, natural gas, industrial
pollution, and the destruction of forests [27]. By 2019, 2.4 million vehicles were circulating
in Bogota, among which 50% were automobiles, 20% were motorcycles, 14% were vans,
and 5% were public transport vehicles [28].

During the first year of the pandemic, Colombia reported almost 1.6 million confirmed
cases and roughly 42,000 deaths related to COVID-19 [29]. The national lockdown was
established between 25 March and 15 April, followed by a slow increase in mobility until
August 2020 [29]. Since September 2020, COVID-19 mitigation strategies were funda-
mentally based on promoting remote work, the usage of personal protective equipment,
and preventing social contacts, such as closing schools and universities. Additionally, the
Ministry of health’s guidance included social distancing, case isolation, and shielding to
limit community-level transmission of SARS-CoV-2 and protect vulnerable groups.

In the specific case of Bogota, community mobility was restricted based on the rates
of occupancy of intensive care units (ICUs), through the strategy “pico y cédula”, which
allowed mobility in the city and access to banks, supermarkets, and public transport based
on the ending number of ID cards [30].

Similar to what has been observed in other scenarios, the SARS-CoV-2 epidemic in
Colombia and Bogota has been highly heterogeneous spatially. While some municipalities
experienced explosive early spikes, followed by periods of very low transmission despite
the near absence of NPI, many others experienced several moderate spikes interspersed
with plateaus of sustained transmission [29,31].

2.2. Study Design

A retrospective ecological study was designed. The observed period was January 2019
to June 2021. To select the sources of information, we considered a matrix of environmental
factors that may be affected by human activities [32]. In Supplementary Table S1, the
environmental factors included in the study are listed, which were considered based on
the availability and quality of the data and the relevance and strategic importance of the
provided information.
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Figure 1. (a) SARS-CoV-2 cases in Colombia from 6 March 2020 until 18 May 2021; (b) study area,
showing COVID-19 cases in Bogota until 18 May 2021. The size of the circles is directly related to the
number of infections since the first day of reporting. The geographical information system ArcGIS
10.5 for Desktop version 10.5.0.6491 was used to generate Figure 1. The Colombian administrative
divisions and other geographic layers were downloaded from https:/ /www.datos.gov.co/browse?
sortBy=newest&utf8=%E2%9C%93 (accessed on 15 March 2022). COVID-19 data were obtained from
Health Minister in Colombia, from 6 March 2020 to 18 May 2021.

2.3. Solid Waste Data Analysis

To analyze changes in the generation of solid waste in Bogota, two sets of data were
analyzed. The first set corresponds to the solid waste disposed of in the capital’s sanitary
landfill. For this analysis, a time series was made comparing its generation in 2019 with that
in 2020. For the second dataset, the hospital waste in the biosanitary category obtained from
the Special Administrative Unit of Public Services (UAESPs) was analyzed. In this study,
the generation of solid waste in kg/month by large producers (LPs), medium producers
(MPs), small producers (PPs), and micro-producers type A (MA), type B (MB), and type C
(MC) was determined. We included information from all companies (n = 12) who are in
charge of solid waste collection in the city (Supplementary Table S2).

2.4. Air Quality

Secondary data from the Bogota Air Quality Monitoring Network (RMCAB) were
used to analyze changes in the concentration of criteria pollutants during the pandemic
period. Additionally, a time-series analysis was performed for criteria pollutants carbon
monoxide (CO), nitrogen dioxide (NO;), and particulate matter less than 10 microns in
diameter (PM7g) and less than 2.5 microns in diameter (PM, 5). Information from 11 stations
operating during the 2 years was used.

Additionally, we included data from the Air Contamination And Health Effects in Mi-
croenvironments in Bogota (ITHACA) study related to questions regarding the perception
of air quality of people on their way to work or study and the personal protective elements
they use to travel [33,34]. In this study, we used the data from 1821 citizens (more details
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are provided in Supplementary Table S3). The data were collected between February 2019
and June 2021.

2.5. Water Resources

Information on physical and chemical profiles of water for human consumption
reported by Bogota Aqueduct Company was included. Values are reported for turbidity in
UNT, the concentration of manganese, organic matter, ammonium, dissolved oxygen in
mg/L, and conductivity in uS/cm. The values are averages and maximums recorded for
2019 and 2020.

2.6. Transport

To analyze changes in transportation dynamics, the survey conducted in the ITHACA
project was used. The survey records participants” answers to questions associated with
their transportation and air quality during the COVID-19 pandemic (n = 1821).

In addition, information on the number of trips in the city’s BRT system (Transmilenio
S.A.) was collected. These values report the number of entries in three modes of transport
that are part of the system. The first refers to BRT buses that run on the main lines of the
city, the second mode of transport is zonal buses that run in mixed lanes, and the third
mode is dual buses.

2.7. Statistical Analysis

For quantitative variables, averages and standard deviations were estimated. For
categorical variables, frequencies were obtained. Location measures, such as quartiles,
were used for some variables.

A time-series visual analysis was performed for air quality and transport (urban
trips and air trips) by month and year. To establish differences between months and
years, a bivariate analysis was performed using a t-test or Mann-Whitney U test for
continuous variables and Chi? test for discrete variables, where p > 0.05 indicated a
significant difference. In addition, the data from 2020 were divided into four phases:
(1) baseline (1 February 2019 to 24 March 2020); (2) strict national lockdown (25 March
to 26 April); (3) first relaxation (27 April to 31 May); and (4) gradual economic opening
(from 1 June onwards) (Supplementary Figures).

The analysis was performed using R version 4.1 (Vienna, Austria) and Wolfram Mathe-
matica version 12.0 (Champaign, IL, USA).

3. Results
3.1. Solid Waste

A decrease (33%) in disposed waste was observed in April 2020, compared with that
in 2019. Nevertheless, after performing a temporal series analysis, it was observed that
disposal quantities returned to their recurrent trend after the first measures of the pandemic
strategy were removed (Supplementary Figure S1).

It was found that large producers of biosanitary waste and micro-producers A and B
significantly increased their waste generation (Figure 2), with large producers presenting
an increase from 67,000 kg in March to 89,000 kg in August 2020 and micro-producers A
and B presenting a 100% increase in solid waste from March to July 2020.

For LPs, an increase in biosanitary waste generation was observed between April and
August 2020. For MPs and PPs, a small increase was also observed, but this coincided
with the economic reopening of the sites where these types of waste are produced, which
presented the largest figures for 2019. Concerning MA, MB, and MC generators, increases
were observed between April and August 2020, corresponding to normalization in the
generation of biosanitary waste.

The Mann-Whitney U test showed significant differences between total waste produc-
tion in 2019 and 2020 (p-value < 0.05). Nevertheless, the median amounts of biosanitary
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waste in 2019 and 2020 were not different (p-value > 0.05) (Supplementary Table S4). When
comparing only the LPs, large differences were found (p value < 0.05).
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Figure 2. Bio-sanitary waste disposal series at the Bogota sanitary landfill. The first panel shows
biosanitary residues for the year 2020 for large producers (LPs), the second panel shows medium
producers (MPs) and small producers (PPs), and the third panel shows micro-producers A, B, and C
in red, orange and yellow, respectively.

3.2. Air Quality and Citizens’ Perception

Regarding the data provided by the Bogota Air Quality Monitoring Network, there
was a decrease in criteria pollutants, such as carbon monoxide (CO), nitrogen oxides (NO,),
particulate matter less than 10 microns in diameter (PM;), and fine particulate matter
(PM3; 5). For the strict quarantine stage, there was an average reduction of ~51% for CO and
~61% for NO, (Figure 3a,b). These reductions were due to the decrease in transportation
and halt of activities that produce fixed emissions.

Regarding particulate matter concentrations, there was a reduction of ~36% for PM;,
and ~19% for PM; 5 (Figure 3c,d). It is important to highlight that the strict lockdown began
at a time when the city presented critical air pollution conditions due to the atmospheric
conditions of the capital. Between February and March, there are usually air pollution alerts
that exceed the maximum values allowed by the WHO, as shown in the timeline for 2019.

The t-test and Mann-Whitney U test showed significant differences in CO, NO,, and
PMj concentrations between 2019 and 2020 (p-value < 0.05) (Supplementary Table S5).

In addition, it was found that the perception of air quality improved significantly
during the pandemic period compared with 2019 (Chi? = 25.73; p = 0.00001) (Supplementary
Figure S2). Air quality perceptions are related to the intention to use personal protective
equipment (PPE) (p-value = <0.001, X-squared = 20.0). This relationship is evident only in
surveys conducted during the pandemic. We found that before the pandemic, the use of
PPE was not significant. The pandemic modified this trend and promoted the use of PPE,
leading to the emergence of similar trends in the perception of the relationship between air
quality and health effects (Supplementary Figure S2).
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Figure 3. Air quality timeline: (a) daily average concentrations of carbon monoxide (CO); (b) nitrogen
dioxide (NOy) concentrations; (c) the first panel corresponds to concentrations of particulate matter
below 10 microns (PMjg); (d) particulate matter below 2.5 microns (PM;5). The light blue series
shows moving concentrations in 2019 and the dark blue series shows concentrations in 2020.

3.3. Transport

From the time-series analysis of the data provided by Transmilenio S.A., declines
of 70-80% in revenues to the city’s BRT system were observed between April and June,
compared with the data of 2019 (Supplementary Figure S3). This decline had not returned
to habitual levels by December 2020, showing 37% fewer revenues than the previous year.
The figures show the effect of the strict quarantine and are consistent with the reduction in
air pollutant emissions.

From the responses obtained from the participants of the ITHACA survey, changes
in the choice of a preferred mode of transportation were found (Figure 4). There was a
tendency to decrease the use of public transport, such as BRT and conventional buses, along
with eight-point and one-point increases in the choice of private transportation by car and
by motorcycle, respectively. There was also an increase in the use of active transport modes,
reaching almost four points for walking and approximately five points for biking.

3.4. Water Resources

When analyzing water quality according to the reports generated by the Bogota Water
and Sewerage Company, significant reductions were observed in the different pollutants
analyzed. In the case of organic matter, a reduction of approximately 7 mg/L was observed
in 2020 compared with 2019. Additionally, ammonium was reduced by 38%, manganese
was reduced by 75.8%, turbidity was reduced by 46%, and conductivity was reduced by
49%. These values refer to the maximum concentrations observed for the two years of
analysis and represent a significant decrease and, thus, favorable conditions in the city for
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2020. This effect may be associated with the decrease in discharges from industries located
upstream of the plant’s catchment point, i.e., in the upper basin (Supplementary Figure 54).

Pedestnan Prdestrian
4.T% o
' Bike BRT Bus
12.0% 23.4% Bike
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Molorcyclhe Car
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Figure 4. Transport modes in 2019 compared to 2020 or pandemic times according to the ITHACA
perception survey.

4. Discussion

To our knowledge, this is the first study carried out about a city in Latin America
exploring the effects of the COVID-19 on environmental matrices, including effects on water,
air quality, mobility patterns, and waste production. Some studies explored descriptively
the effects of the pandemic on air quality in Argentina, Chile, Colombia, and Mexico [35-38],
while others reported the effects of deforestation patterns in Brazil and Peru [39]. Nevertheless,
information related to solid waste production and water quality is scarce.

The restrictions established by the government generated a change in the dynamics of
the city. The strict quarantine led to the closure of many places with economic activities
that produce waste, atmospheric emissions, and water pollution and to an increase in solid
biosanitary waste. The decrease in different environmental effects was reflected in several
scenarios, generally having positive effects on the environment.

First, there was a 32% reduction in solid waste in comparison with the normal amount
produced in the most critical month. However, this reduction was evident only until the
gradual economic opening, at which time the tons of solid waste arriving at the landfill
corresponded to the average values of previous years. In addition, there was a significant
increase in the generation of biosanitary waste from large producers, from 600,000 tons
per month to almost 900,000 tons/year. Some authors consider that waste production
has risen as a result of COVID-19, although these changes do not follow the same pattern
in different areas [40]. The increase in waste production is explained in two ways: first,
disease prevention or treatment activities (hospital and lab PPE) [41] and, second, the effects
of the pandemic on lifestyles, such as increased in-home cooking and online shopping.
Additionally, as a result of the massive usage of PPE, this waste category substantially
increased, between 18% and 425% [42,43].

On the other hand, atmospheric pollution greatly benefited from the city’s mobility
restrictions. The Colombian capital tends to present atmospheric conditions that are not
characterized exclusively by local emissions, as the influence of regional pollution has been
demonstrated [44]. Despite this influence, mobility and industrial activities that are usually
critical for the city slowed down for months. Authors have reported similar results in
different regions. A study carried out in 10 countries in North America, Europe, and Asia
(n =9394) observed that a reduction in pollutant concentration was perceived, although to
different extents, by all populations [45]. According to the authors, except for participants
from China and Norway, participants from all countries perceived a drop in the air pollution
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concentration during the quarantine period. However, the large decline observed in much
of the world is projected to be exceeded again by the end of 2021 [46]. The “rebound effect”
of the pandemic is estimated to produce an increase of 36.4 billion tons of carbon emissions
from burning fossil fuels, an increase of 4.9% in 2021 compared with the previous year,
reaffirming the continued reliance of the planet on carbon-based technologies.

Air quality is directly reflected in the third matrix evaluated, which refers to transporta-
tion. Clear decreases were observed in the use of the city’s BRT system, and the transition
of transport modes must be evaluated. A notable proportion of people shifted from public
to private transport, which is logical given the exposure to COVID-19 in mass transit
modes. These findings are similar to those reported in a study carried out in Pakistan [47].
Travelers seem to prefer not to use public transport during the pandemic situation. Survey
participants stated that they feared being infected with the virus while traveling on public
transport, as there are chances of interacting with a person who is a carrier of the COVID-19
virus. Another study carried out in more than 15 countries in Asia, Europe, and North
America found that most commuters have changed their trip habits. Shopping became the
primary purpose for travel during COVID-19 [48].

This change might not be very beneficial if the percentage of people who start using
vehicles or motorcycles increases to the extent that the vehicle fleet starts to have a greater
impact on air pollution [49]. This situation may be prevented by the increase in the choice
of active modes of transport, which generate enormous benefits given sustainable mobility.

We similarly observed an improvement in sewage water quality parameters. Reports
from different regions around the world likewise show a reduction in water pollutants
during the quarantine period [24]. This may be explained by the decrease in industrial water
consumption. Although the report analyzed in this paper refers to the conditions in only
one period of the two years of study, the decrease in parameters such as organic matter and
turbidity represents a great relief for the city’s water bodies and their treatment logistics.

This study has many limitations. The first concerns the design of the study. Ecological
studies look for associations between the occurrence of disease and exposure to known or
suspected causes. However, because it is not possible to control different variables, biases
can interfere with the analysis regarding the association between exposure and outcomes.
Second, we did not include variables related to the effect of the pandemic on biodiversity
due to the lack of data. Third, the data on changes in transport modes and perception
of air quality are not representative of all cities. Finally, data were not available in the
same format for all variables, i.e., the frequency of collection differed depending on the
environmental matrix and source of the query, so data between matrices could not be
compared to more accurately estimate the interrelationships among matrices.

5. Conclusions

This study showed the COVID-19 pandemic impact on the environment, offering
an overview of changes in pollutants during 2019 and 2020 in Bogota. The COVID-19
pandemic was a unique chance to analyze environmental impacts due to the fact that
activities in large cities, such as Bogotd, were stopped over lockdown. The effects were
both positive and negative. During the pandemic, Bogota, like most cities around the
world, adopted a strict lockdown to contain the spread of the virus. The months of strict
restrictions generated significant changes associated with environmental and ecological
conditions. The main air pollutants decreased markedly, attributed to travel restrictions by
private cars or public transport.

This is relevant, considering that there is a long-term—potentially permanent—downward
impact on the levels of environmental pressure, with stronger effects for pressure related to
capital-intensive economic activities [50]. The promotion of telework as a result of lessons
learned from the pandemic may positively impact some environmental matrices. Social
experiments such as “a day without a car” have been undertaken in cities such as Paris,
Berlin, Bogota, and Toledo [51-53]. These experiences offer interesting results for improving
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mobility and air quality. More detailed studies are urged to understand and apply the
lessons learned from the COVID-19 pandemic and its effects on the environment.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijerph19106350/s1, Table S1: Variables to be analyzed and information
sources; Table S2: Types of generators according to their production in kilograms per day and the
frequency of waste collection; Table S3: Sociodemographic characteristics of the survey participants
ITHACA; Table S4: U-Mann Whitney test to total solid waste and biosanitary waste; Table S5: U-
Mann Whitney and t-test to Air Quality data; Figure S1: Solid waste disposal series at the Bogota
sanitary landfill. The gray line with circular markers indicates the tons per month for 2019, the
blue line with square markers indicates the tons disposed of in 2020, the year of the pandemic;
Figure S2: Air quality perception: (a) the air quality on house from job. (b) Only pandemic answers
about the existence of a relationship between air quality and usage of personal protection; Figure S3:
BRT system admissions timeline. The light blue series shows moving concentrations in 2019 and the
dark blue series shows concentrations in 2020; Figure S4: Water Quality reported Bogota Water and
Sewer Service 2019-2020.
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Abstract: The documentation of ethnopharmaceutical knowledge has always been important for the
preservation of countries” cultural, social, and economic identity. The COVID-19 pandemic with the
collapse of healthcare, which has left the individual health to self-care, has also forced us to look back
at ethnopharmacology from a practical point of view. This is the first study in Lithuania, dedicated
entirely to ethnopharmaceuticals used for skin diseases and cosmetics, and the first study to analyse
ethnopharmacology as a Lithuanian phenomenon during the ongoing COVID-19 pandemic. The
main purpose of this study was to collect and evaluate ethnopharmaceutical knowledge regarding
skin diseases and cosmetics in Siauliai District, Lithuania during the COVID-19 pandemic from July
2020 to October 2021. This study surveyed 50 respondents; the survey was conducted using the
deep interview method. The respondents mentioned 67 species of medicinal plants from 37 different
families used for skin diseases (64.18%), cosmetics (13.44%) and cosmeceuticals (22.38%). Of the
67 plant species, 43 (64%) were not included in the European Medicines Agency monographs and
only 14 species (21%) of all included species were used with European Medicines Agency approved
medical indications for skin diseases. In terms of public health, the safety of “self-treatment” and
recovery rituals for skin diseases are no less important than ethnopharmacological knowledge and its
application, this being especially relevant during the COVID-19 pandemic.

Keywords: ethnopharmacology; skin diseases; cosmetics; COVID-19; Lithuania

1. Introduction

Lithuanian scientists first viewed ethnopharmacology as a cultural phenomenon.
It was analyzed in historical, ethnocultural and geographical contexts. Traditional folk
medicine is an area of folk culture which includes medicinal knowledge, beliefs, and
treatments that existed in traditional rural communities [1]. It is necessary to document tra-
ditional knowledge since many communities are losing their cultural, social, and economic
characteristics [2].

Lithuanian medics, interested in ethnopharmacology, are viewing it not only as a part
of the Lithuanian history of medicine, but also as a significant opportunity for medical
science and practice. The use of ethnopharmaceuticals, analyzed from both ethnological
and ethnomedical aspects, has forced us to view ethnopharmacology as a whole entity.
An opinion that ethnopharmacology is not only a way of treatment but also the means of
health care and disease prevention has formed [3,4].

Currently, the interest in ethnopharmacological research is not only noticeable in
developing countries but in the developed world as well. The COVID-19 pandemic with
the collapse of healthcare, which has left the health of individuals to self-care, has forced us
to look back at ethnopharmacology from a practical point of view [5].
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The World Health Organization has estimated that more than 6 billion people depend
on plant-based and animal-based medicine. Various populations have natural, widely used
pharmacopoeia, where animal and plant derived ingredients are used in the preparation
of modern medicines, herbal, and traditional medicines [6]. In the 21st century, medicinal
plants have not lost their significance in human lives. Their application value for prophylac-
tic and treatment purposes keeps increasing. The inhabitants of various countries actively
make use of local and imported plants and their parts. As many as 80% of the world’s
medicinal products are made from medicinal plants, consequently the research of plants
is still relevant. Today, as in the past, there are still specialists in phytotherapy since the
knowledge and analysis of plants to this day remains a relevant issue.

One of the areas of research and application of ethnopharmacology is dedicated to
very important human organ, the skin. The European Medicines Agency, as well as the
World Health Organization and the European Scientific Cooperative on Phytotherapy, have
confirmed that one of the most frequent indications for which many medicinal plants are
used in the European Community and in the rest of the world, is the treatment of skin
disorders and minor wounds [7]. Researchers around the world are researching plants and
looking for natural means to treat skin diseases and create cosmetics [8-11].

Skin care and preventative treatments have a strong impact on the condition of skin,
consequently scientists pay a lot of attention to cosmetics and cosmeceuticals (the active and
science-based cosmetics). Natural agents are gaining popularity nowadays as most women
prefer natural products for their personal care. These products supply the body with
nutrients and enhance health and at the same time are free from synthetic chemicals and
have relatively less side-effects compared to synthetic cosmetics. Following this tendency,
more medicinal plants are used for the development of new drugs, cosmeceuticals, and
pharmaceutical applications [12]. The investment in ethnobotanical studies can minimize
the loss of knowledge and, with specialized analytics and more complex in vitro skin
models, can develop and help better understand the effects that plants have on human
skin [7]. In addition, preventative cosmetic procedures can reduce psychological disorders
that may increase in patients during the COVID-19 pandemic situation [13].

Studies have shown that during the COVID-19 pandemic, patients were concerned
with their appearance and continued to undergo cosmetic procedures and pay attention
to their skincare [14]. The emotional health and well-being of a person heavily depends
on aesthetic appearance, therefore the disrupted availability of cosmetology services due
to the pandemic was a stressful occurrence in Lithuania as well. This is the first study
in Lithuania dedicated entirely to skin diseases and cosmetic ethnopharmaceuticals, and
the first study to analyze ethnopharmacology as a phenomenon in Lithuania during the
ongoing COVID-19 pandemic. The main purpose of this study was to collect and evaluate
ethnopharmaceutical knowledge regarding skin diseases and cosmetics in the Siauliai
District during the COVID-19 pandemic in Lithuania.

2. Materials and Methods
2.1. Study Area

The climate of Lithuania is transitional between the continental type in the East and
the oceanic type of Western Europe. Therefore, here predominate air masses influenced by
the Atlantic alternating with continental Eurasian or Arctic air masses. The coldest month
in Lithuania is January with an average temperature of —5 °C; the warmest month is July
with an average temperature of 17 °C. The average annual rainfall is about 800 mm [15].
Climate change also affects Lithuanian vegetation, which inhabits several different regions.
The maritime region is dominated by pine forests, the sand dunes by shrubby plants, spruce
dominate in the hilly eastern part, oaks in the central part, birches, black alder, aspen in the
north, while pine forests are prevalent in the south. About 1/3 of the vegetation consists
of forests, 1/5 is meadows, and a small part is wetlands. Dziikija is the most forested
ethnographic area in Lithuania, while the least forested is Suvalkija. Coniferous trees make
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up 56% of Lithuania’s forests, while deciduous trees make up 39% and hardwoods 4%. The
average age of forests in Lithuania is from 50 to 69 years [16].

The regions in Lithuania that have formed throughout the course of history are called
ethnographic regions. Their boundaries roughly coincide with the boundaries of Lithuanian
dialects. The regions differ in their internal structure, cultural traditions, architecture,
dialects, and activities [17]. Samogitia is a unique ethnographic region of Lithuania, first
mentioned in the Volhynian Chronicle in 1219. It stands out from other homesteads in
terms of planning, landscaping, work tools, household utensils, landscape, traditions, and
dialect. The traditional dishes of Samogitia are cibulyné, or blood sausage with groats,
and boiled potatoes with hemp. Samogitians have a reputation for being very stubborn,
sincere, unhurried, and hospitable people. Samogitia is characterized by these craftsmen:
carpenters, shoemakers, tailors, weavers, wheelers, and blacksmiths. Pottery is especially
popular. Samogitia used to be famous for its wooden chapels, chapel columns, crosses, and
figurines of saints [18].

Siauliai district is in the Northwest of Lithuania, located directly on the border between
Aukstaitija and Samogitia, although it is considered a part of Samogitia. The district covers
1807 square kilometres, consists of 11 elderships, with a population density of 26 people/sq.
km. The district has 1 city, 7 towns and 521 villages within its territory. The highest point
is Grinikai hill (183.4 m). Siauliai district is in the middle plain of the Venta river, in the
lowland of the Miisa Nemunélis and in the Eastern Samogitian plateau. Forests cover 34.8%
of the district’s territory. Spruce and birch forests are predominant. The most important
extractable minerals in the district are gravel and sand [17,18]. Most of the respondents
lived closer to the border of Samogitia (Kursénai, Daugéliai, Kuziai, Gruzdziai, Luksiai,
etc.) (Figure 1). Although the Samogitian dialect is quite prevalent in Samogitia, people
who can speak the dialect usually use it only with people they are close to with, in a private
environment and less often in public. Although the respondents were mostly from the
Samogitian side of the border, they did not use the dialect during the interviews.

SIAULIAI DISTRICT

LITHUANIA

EUROPE

Figure 1. Study area.

2.2. Methods

The study was conducted from July 2020 to October 2021 in Siauliai district, in the
territory of the Samogitia ethnographic region (Figure 1). The purpose of this study was
explained to each interviewee and an informed consent form was signed prior to the study.
The study was conducted in accordance with the Code of Ethics of the International Society
of Ethnobiology [19]. The research was approved by the Bioethics Centre of the Lithuanian
University of Health Sciences (No. BEC-FF-30). The study surveyed 50 respondents, 9 men
(18%) and 41 women (82%). The respondents were mostly farmers, housewives and even
medical professionals, practically all of whom were interested in the use of medicinal plants
for medicinal purposes (herbalists). Permission to conduct the study was obtained from
local community leaders. A study guide identified the members of the target group as
respondents who used ethnopharmacology for skin diseases and cosmetics. The study
group formation employed the “snowball” technique. All safety measures were taken
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according to requirements of the pandemic situation (i.e., wearing face masks and gloves
and maintaining a safe distance).

The research method was a structured interview. It was carried out in two stages.
During the first stage, using the prepared questionnaire File S1 (Supplementary Materials),
the researcher wrote down the respondent’s answers. The prepared questionnaire consisted
of 17 questions. The first stage started with the main questions for demographic data and
closed questions to assess the source of ethnopharmaceutical information and to evaluate
how many respondents chose to consult a healthcare professional (pharmacist or doctor)
as a qualified consultant regarding ethnopharmacology for skin diseases and cosmetics.
Much attention was paid to the sources of ethnobotanical knowledge obtained by the
respondents. The aim of the second stage was to gather as much information as possible
about products of natural origin, to identify medicinal raw materials used for medicinal
and cosmetic purposes, their preparation methods, indications for use, doses, duration
of use, and storage conditions (Figure 2). This information was obtained in the form of a
free interview, and informants were allowed to speak spontaneously and without pressure.
Interviews were voice recorded with permission from the respondents, and field notes
were also taken and encoded. It was attempted to capture information about collected
medicinal substances: where they were collected and how and under what conditions they
were dried and stored. Respondents were visited a second time to supplement information
if needed. The indications for skin diseases identified in the study were compared with
the European Union herbal monographs by the Committee on Herbal Medicinal Products
published by the European Medicines Agency (EMA) [20]. In this way, an attempt was
made to determine the extent to which the indications for use in this study matched the
indications approved in the EMA studies.

Figure 2. Preparation and storage conditions of medicinal raw materials used for skin diseases
and/or cosmetics: (a) drying of various herbs; (b) prepared Sea buckthorn oil; (c) storage of dried
plants in canvas bags.
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Taxonomic identification, botanical nomenclature and plant family assignment were
performed based on validated databases, namely World Flora Online [21] and the An-
giosperm Phylogeny Group IV [22]. Plant species were identified using writings on tradi-
tional Lithuanian flora [23-25].

The research data is stored in the Lithuanian Museum of the History of Medicine and
Pharmacy of the Lithuanian University of Health Sciences.

3. Results and Discussion
3.1. Characteristics of Informants and Sources of Ethnopharmaceutical Knowledge

50 respondents were interviewed: 9 men (18%) and 41 (82%) women. The age of
the respondents ranged from 23 to 94 years. 30% of the respondents were over the age
of 65. When interviewing the respondents, it was important to determine whether the
respondents were permanent residents of Siauliai district and to determine if they were
born there. Four respondents have changed their place of residence (moved to another
district), but all of them named Siauliai district as their place of residence. Therefore, we
can assume that part of the ethnopharmaceutical knowledge collected in the study area
is of local use. Respondents from 18 different residential areas of Siauliai district were
interviewed in this study. Most respondents lived in villages-KuZiai 15%, Voveriskiai 13%,
Gruzdziai 11% (Figure 1).

The respondents” education was also an important indicator in the survey. The oldest
respondents in the survey, who were over 80 years old, had primary education 7 respondens
(14%), secondary education 4 respondents (8%), vocational education 8 respondents (16%),
higher education 7 (14%), and university education 24 (48%) respondents. This shows that
in the first decades of the 21st century, 22% the of respondents did not have a profession
and were primarily agricultural workers. A total of 20 (40%) respondents with vocational,
higher and university education were engaged in agricultural activities. The other 19 (38%)
respondents were not involved with agricultural work (studying or working in the city).

Knowledge about the use of ethnopharmaceuticals for the treatment of skin diseases
and for cosmetic purposes was obtained mainly from parents, grandparents, and relatives
45 (90%) of all respondents. Other sources of information were neighbors 27 (54%), the
internet and television 26 (52%), doctors 9 (18%), pharmacists 25 (50%), and books 13 (26%).
Every second respondent consulted a pharmacist on the use of ethnopharmaceuticals,
which is a high percentage, considering that in our previous studies in Lithuania this
percentage was incredibly low—0% [3], 8% [26] and 28% [27] of all respondents. A study
on the attitude of the Lithuanian population towards phytotherapy revealed that only
1% of patients in all age groups turned to a pharmacist as a source of information on
herbal medicine [28]. The reasons for not referring to a pharmacist were mainly distrust
of pharmacists and their lack of knowledge about ethnopharmacology, and sometimes
even the pharmacist’s ridicule of the patient for using such measures. In this study, due
to the increase in the number of patients turning to a pharmacist for information on
ethnopharmacology, the COVID-19 pandemic can be identified as the cause, due to it
causing difficulties in reaching a physician or cosmetologist, leaving pharmacists as the
most widely available healthcare professionals. On the other hand, the question arises as to
whether the consultation and the knowledge of the pharmacist were sufficient and met the
expectations of patients.

3.2. Skin Diseases and Ethnopharmacology

We documented 67 species of medicinal plants from 37 families used for skin diseases
and cosmetics. All of the collected data are summarized in Table S1 (Supplementary
Materials). According to our results, the most common indication of skin diseases were
wounds (39%) (Figure 3).
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Figure 3. Ethnopharmaceutical preparations for skin disorders.

According to studies by other researchers, this is the most common indication of all
skin diseases for which ethnobotanical measures are used [7]. For thousands of years,
medicinal plants have represented the only remedy for wound care, and they still maintain
an important therapeutic role. Of course, the main properties of plants used for wound
care are antimicrobial and anti-inflammatory activities [29]. Although homemade herbal
products in general are less expensive than modern treatments, they can lead to unexpected
allergic reactions and side effects [30]. This is especially true when applied to the affected
area of skin (excluding wounds, the main indications were eczema, burns, abscesses). In
this study, all ethnopharmaceuticals were used externally, mostly as decoction, compress,
juice, and oil applications (Figure 4).

B Cosmetics M Skin deseases
Figure 4. Methods of ethnopharmaceutical preparation for the treatment of skin diseases and cosmetics.

Although the most common method of administration is decoction usually used
internally, in this case a decoction is prepared from plant-based raw materials and placed
externally on the area affected by skin diseases. Only two types of plant raw materials were
used internally, namely the decoction of Viola tricolor L. aerial parts for the treatment of
furuncles, eczema, and rashes, the other internally used substance being a decoction made
with roots of Elytrigia repens L., used to treat skin lesions, furuncles, and rashes. Decoction
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was the most common method of preparation in this study, using a soft above-ground part
of the plant, so it is not surprising that the most used parts of the plant were aerial parts,
leaves and flowers (Figure 5). The hard parts of plants (i.e., the seeds, stem, bark, and the
fruits) were used less often, and less common preparation methods were used to prepare
them, such as extraction with oil and tinctures.
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Figure 5. Parts of the plants used for ethnopharmaceutical preparations for skin diseases and cosmetics.

Jari¢ S and colleagues in their study on traditional wound-healing plants used in the
Balkan region (Southeast Europe) [31] mentioned that the applications used for wound
healing were external, in the form of infusions, decoctions, tinctures, syrups, oils, ointments,
and balms, and were applied directly onto the skin, with Plantago major L. being the most
popular medicinal plant.

In our study, the most cited plants for the care of skin diseases were Plantago major L.
(80%) and Chelidonium majus L. (70%). Plantago major L. leaves have been used to treat
wounds and traumas for centuries in almost all parts of the Europe [7,32]. According to
our study, it was usually applied directly onto the skin. Chelidonium majus L. (70%) is a
well-known plant in Lithuania, frequently the fresh juice of this plant is used to destroy
warts. The plant accumulates alkaloids, so ingestion without medical supervision can be
dangerous. In our study, the plant was used only externally to treat warts or psoriasis.
Chelidonium majus L. has traditionally been used for the treatment of various inflammatory
diseases and recently there were studies conducted on its use for atopic dermatitis [33] and
antibacterial wound dressing applications [34].

In our study not only the frequency of use was identified, but also a comparative
safety analysis with EMA monographs was carried out (Table S1). Modern pharmacological
investigations have shown that many medicinal plants used in ethnobotanical traditions
worldwide are being currently used in a very rational way, mainly synthesizing new and
old information. Most clinical uses of medicinal plants have been similar to their traditional
uses. However, there are some plants which have clinical uses that differ from traditional
uses [7,35]. Despite their clinical effectiveness, a guarantee of the safety and quality of
medicinal plants in developed countries is challenging as people increasingly return to
herbal remedies refusing chemical drugs [27]. According to our study, respondents in
Siauliai district mentioned 67 species of medicinal plants from 37 different families used
for the treatment of skin diseases and/or production of cosmetics. Only 24 species are
described in the official herbal monographs of the European Medicines Agency (EMA) [20].
Sile I and colleagues from Latvia [36] have analyzed archives and found out that one of
the most common health conditions were skin disorders. Analysis of EMA monographs
showed that only 59 out of 211 taxa mentioned in this study are included in the official
herbal monographs. EMA herbal monographs provide scientific information on safety
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and efficacy and deserve further exploration as traditional herbal medicines. In our study,
43 of 67 plant species were not included in the EMA monographs and only 14 species
(21%) of all included species were used with EMA approved medical indications for the
treatment of skin diseases. Other medicinal plants were used without EMA approved
medical indications and were based solely on folk knowledge and experience in medicine.

In the treatment of skin diseases, phytotherapy plays an important role, and other
materials are also used as main or additional remedy bases. In our previous study regarding
historical uses of the bee products, according to archival sources, honey and propolis were
used to treat wounds and abscesses [37]. In this study, honey was used as an excipient (for
example by preparing a home-made ointment, which is made by mixing pine shoots and
honey) to treat psoriasis. For acne-prone skin, a facial mask is made by mixing a tablespoon
of honey with 10 mL of almond oil and one egg yolk. To treat burns, 10 g of birch tar is
mixed with 0.5 kg of honey and then the mixture is spread on the skin area affected by
burns. Lard is often used as a base for the ointment. Melted hare fat is a popular remedy
for treating splinters, and it is used as a poultice on the opposite side of where the splinter
is. Cases where the whole animal is used instead of its products are usually only isolated
occurrences (for example, the treatment of cold sores by rubbing a small frog’s abdomen
on the affected area).

3.3. Ethnopharmacology and Cosmetics

Data on ethnopharmaceutical applications for cosmetic use made up 13.44% of our
research (Table S1). Ethnobotanical studies combined with modern analyses of plants have
a potential to enrich modern cosmetic products. Plants with cosmetic uses have often been
neglected in ethnobotanical surveys which focus mainly on plants with medicinal and
culinary uses [38—40]. Often, the target of researchers is the measures for treatment of skin
conditions, but during the course of the study, it has been revealed that many of the plant
preparations for therapeutic purposes were also used for cosmetic purposes, and making a
clear distinction among the recorded preparations between cosmetics, cosmeceuticals and
pharmaceuticals for the treatment of skin diseases is very problematic [41-43]. Although
it may seem that the treatment of skin diseases is more important than skin care for
cleanliness, prevention and restoration, beautification has also played an important role in
rural communities. Studies show that the need for beauty treatments, including natural
ones, has not diminished during the COVID-19 pandemic [44]. In our study during the
COVID-19 pandemic in Lithuania, the main cosmetic uses were skin (20% of reports) and
hair hydration (17%) and sweat reduction (17%) (Figure 6).
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Figure 6. Ethnopharmaceutical usage for cosmetics.
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According to our knowledge, there are only some ethnobotanical studies in the world
that research the medicinal properties of plants and their use for cosmetic purposes. Xenia
J and colleagues [39] have conducted an ethnobotanical survey of cosmetic plants used in
the Marquesas Islands (French Polynesia). The most referred application areas were the
skin, the hair, and the genitalia, whereas the main cosmetic uses were perfume, hydration,
medicinal care, and healing. In our study the most common areas of application were the
face (40% of reports), the body (38%), the feet (16%), and the hair (7%). 15.5% of facial
treatments were used to reduce eye swelling.

If in Marquesas Islands the perfumed coconut oil, also known as monoi, was the main
Marquesan cosmetic preparation used on skin and hair, in our study the main cosmetic
preparation of Aloe vera L. (70%) juice was also used on skin and hair (Table S1). Our
previous study on plants cultivated in Lithuania and the archival sources have revealed
that Aloe vera L., usually called “the plant of elders”, was very popular to grow at home and
was “always at hand when needed” [26,45]. Due to its special composition of amino acids,
lectin, lipids, minerals, lactates, phenols, etc. and its soothing and cooling properties, aloe
was not only used to improve the condition of the skin but also to treat it. It reduces itching
and swelling, treats light cuts, bruises, eczema, has antibacterial, antifungal properties,
and improves blood flow in the affected areas [46]. In our study, several cosmetic recipes
are presented. For example, for acne, one tablespoon of crushed aloe mixed with three
tablespoons of calendula oil. The mixture is applied on the face and left there for 20 min;
an aloe mask used for application under the eyes, is made with 1 tablespoon of aloe juice,
1 tablespoon almond oil and half a grated cucumber, everything is mixed and applied
under the eyes. The mixture is left there for 15-20 min. Burns are treated by applying the
flesh of a peeled aloe leaf to the affected area. This plant is popular in today’s cosmetic
products [47] and the modern consumer is usually aware of its beneficial properties for
skin and hair.

As in treatment of skin diseases, honey, pig fat, eggs, and buttermilk represented the
most reported ingredients of animal origin in cosmetic applications. The face was washed
with whey to remove freckles so that the skin was “clear”. The acid of ants was also used
to remove freckles. This acid was acquired by throwing a scarf on an anthill, and when it
dampened, the freckles were rubbed with it. Decoction, juice, and tincture with oil were
most popular ways of preparation (Figure 4). As pointed out by Svanberg I[10], birch sap
was the second most valuable product after wood to be found in the forest. It is renowned
for antioxidative nutrients and high content of minerals. In northern Europe, birch sap has
long been used not only as a food source but also for healing and cosmetics. The cosmetic
use of birch sap was widespread in Estonia, where in the 19th century it was believed
that washing the face with the first drops of birch sap will get rid of freckles and that the
face will stay clear all summer. It was also used to treat skin diseases. In Lithuania, it
was popular to rinse hair with birch sap. In this study, birch sap was also used to remove
freckles and treat acne, blackheads, dry skin etc. Among the respondents, it was mentioned
that the juice is frozen to ice and used to treat swollen eyes and to smoothen small wrinkles.
To treat an oily scalp, two tablespoons of honey are mixed with four tablespoons of juice
and a pinch of heated salt. The mixture is then diluted in half a glass of vodka, and it
is then kept in a dark place for 10 days. The mixture is then rubbed into the oily scalp
before washing.

The data from our study shows that the same plants are often used for cosmetic
purposes and for the treatment of skin diseases. This distinguishes a separate group of
cosmeceuticals. The term “cosmeceuticals” was first used by Raymond Reed in 1961 and
the word and concept were further popularized by Dr Albert Kligman in the late 1970s [12].
Cosmeceuticals are both cosmetic and pharmaceutical preparations, intended to enhance
health and beauty through ingredients that influence the skin’s biological function. These
are cosmetic products that are not just used for beautification but also for different skin
ailments, from acne-control and anti-wrinkle effects to sun protection. Medicinal plants
as ingredients act not only as cosmetics, but also as pharmaceuticals [12]. In this study
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we highlighted medicinal plants used for cosmetics and for the treatment of skin diseases
(Table S1). According to the results of our study, medicinal plants used for the treatment of

medical disorders and for cosmetic purposes can be singled out as potential cosmeceuticals
(Figure 7).

Skin deseases (64.8%)

)

Artemisia dracunculus L.

Hedera helix L.

Angelica archangelica L.

Daucus careta L.

Echinaceae pupurea (L.) Moench
Arnica montana L.

Arctium lappa L.

Calendula officinalis L.

Bidens tripartita L.

Tussilago farfaral.

Traxacum officinale (L.) Weber ex F.H.Wigg.
Achilea millefolium L.
Brassica oleracea L.

Bi ica napus L.

Viburnum opulus L.
Kalanchoeangustifolia A. Rich.
Bryonia dioica Jacq.
Hippophae rhamnoides L.
Equisetum arvense L.

inula helenium L.

Anthyliis vulneraria L.
Trigonella foenum - graecum L.
Pisum sativum L.

Sorbus aucuparia L.
Oenothera biennis L.
Chelidonium majus L.

Papaver somniferum L.
Plantago major L.

Elymus repens (L.) Gould
Frangula ainus Mill.

Cosmetics (13.44%)

Matricaria recutita L.
Aloe vera Mill.
Petroselinum crispum (Mill.) Fuss
Acorus calamus L.
Urtica dioica L.

Calissia (Lindl.)
Hypericum perforatum L.
Lycopodium clavatum L.
Tagetes erecta L.
Origanum vulgare L.
Glechoma heteracea L.

Armoracia rusticana P.Gaerin., B.Mey. & Scherb
Betula pendula Roth Alchemiila vulgaris L.

Rosa arvense L.

Potentilla anserina L.

Rosa majalis Herrm.

Agrimonia eupatoria L.
Verbascum thapsiforme Schrad.
Solanum dulcamara L.

Viola tricolor L.

Artemisia vulgaris L.

Allium cepa L.

Symphytum officinale L.
Ledum palustre L.
Rododendrum termopsum L.

Centaurea cyanus L.

Cocos nucifera L.

Linum usitatissimam L.
Philadelphus sericanthus Koehne
Veratrum lobelianum Bernh.
Rosa canina Siev.
Saponariaofficinalis L.

Tilia cordata Mill.
Filipendula ulmaria L.
Citrus bergamia Risso
Solanum tuberosum L.

Cosmeceuticals (22.8%)

Figure 7. Use categories of medicinal plants.

4. Conclusions

The documentation of ethnopharmacological knowledge is important for the preser-
vation of country’s cultural, social, and economic identity. Also, the application of modern
methods of analysis enables the development of pharmaceutical and cosmetic products
acceptable to the modern consumer. In terms of public health, not only ethnopharmaceuti-
cal knowledge and its application are relevant, but also the safety of “self-treatment” and
recovery rituals for the treatment of skin diseases (which is especially relevant during the
COVID-19 pandemic). Our study showed that only 21% of the indications for the use of
ethnopharmaceuticals for the treatment of skin diseases coincide with the EMA assessment.
The use of natural cosmetics and cosmeceuticals during the COVID-19 pandemic was
popular in Lithuania. Improper use of ethnopharmaceuticals for cosmetic purposes and in
the treatment of skin diseases can cause not only aesthetic but also health problems, and
therefore ethnopharmacological knowledge must be critically assessed and based on scien-
tific research. The ethnopharmacological knowledge of healthcare professionals (especially
pharmacists) must be sufficient for the patient consultation and an adequate care.
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Abstract: This study describes for the first time in the central Mediterranean Sea the effects of bottom
trawling on macrobenthic fauna in tidal channels of the Kneiss Islands in the Gulf of Gabes, Tunisia.
Following a BACI protocol, two control stations (protected by artificial reefs) and two trawled stations
(impacted stations) were sampled during a period with the absence of bottom trawling activity
(the COVID-19 pandemic lockdown period from March to May 2020) and during a trawled period.
Although bottom trawling had no impact on sediment composition, this anthropogenic activity
reduced the concentration of dissolved oxygen and had a noticeable effect on water column turbidity.
The absence of trawling led to a significant increase in biomass, number of species, and abundance
of total macrofauna. This illustrated the negative effect of trawling activity in shallow waters and
the high resilience of macrobenthic communities of the tidal ecosystem of the Kneiss Islands. In
the future, it would be very important to control the use of this destructive fishing gear due to its
negative impact on the marine habitat and macrofauna, which represents essential prey for fishes
and birds living in this protected area.

Keywords: bottom trawling; COVID-19 pandemic lockdown; environmental impacts; macrobenthic
fauna; tidal channels; central Mediterranean Sea

1. Introduction

Bottom trawling is one of the most harmful anthropogenic activities on both shallow
and deep marine ecosystems [1-3]. It is a relatively non-selective fishing method with
global negative impacts on benthic communities and habitats [4-6]. Bottom trawling
provokes sediment re-suspension; decreases macrofaunal bioturbation processes; and
removes, injures, or kills a wide range of sedentary organisms. It also induces changes in
the population demography and can have dire consequences on ecosystem structures and
functions [7-10].

The Gulf of Gabes, located in the central part of the Mediterranean, covers the second-
widest continental shelf area (35,900 km?) and is characterized by unique geomorphological,
climatic, and oceanographic conditions. This gulf has an extensive network of tidal chan-
nels and very gentle slopes [11]. The tidal channel environments are of major ecological
importance, being considered among the main pathways of passage and migration for
several commercial marine species (fish and shrimp) and providing important habitats
for the juveniles of many inshore fish species [12,13]. Therefore, the Gulf of Gabes is an
important nursery for several fish species and represents one of the main target areas for
fishing activities in Tunisia; moreover, it is among the most highly productive zones in the
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Mediterranean Sea [14]. The favourable geomorphologic and climatic conditions are com-
bined to support one of the most productive ecosystems around the small tidal channels in
the Gulf of Gabes [14,15]. These tidal features are very attractive for many kinds of fishing
activity, especially bottom trawling [16]. Around the Kneiss Islands, tidal channels are
visible only at low tide; this unique system in the Mediterranean Sea represents the highest
energy environment of the Gulf of Gabes and is sensitive to anthropogenic activities and
climate change [17,18]. These conditions favour the circulation of seawater, sediments,
organic matter, and nutrients between terrestrial and coastal marine environments [19].
Due to their diversity of birds, the Kneiss Islands have been designated as a ‘Specially
Protected Area of Mediterranean Importance” (SPAMI) in 2001, an ‘Important Bird Area’
(IBA) in 2003, and as a ‘'RAMSAR site” since 2007. Nevertheless, despite international
protection, intensive human activities occur in this Marine Protected Area [20]. In the tidal
channels of the Kneiss Islands, fishers use traditional and impacting fishing gear such as
the small bottom trawl known locally as “Kiss”. The Kiss trawlers usually display all of
the characteristics and gears that can be found on regular trawlers: a net with a lead line;
a float line; and a cod end, tied on both sides to otter doors that are usually wooden on
Kiss trawlers. The main differences between a Kiss trawler and a regular one are the size of
the vessel and those of the net. The mesh size of the Kiss nets is much smaller (18 versus
more than 28 mm) than on a regular trawler, which makes them less selective and liable to
producing large amounts of by-catch. Kiss trawlers are small versions of the regular ones;
they rarely reach 10 m in length, are mainly manufactured with wood, and are equipped
with a power winch and an iron bar on the stern of the boat to tow the net. Illegal vessels
could operate in areas of shallow water (5 m depth or less), destroying sensitive habitats
and spawning grounds, by tearing out the seagrass meadows caused by bottom scraping
metal panels towed by the trawler [21].

Such gear unfavourably affects the juveniles of fish and shrimps as well as sensitive
benthic habitats such as Posidonia oceanica meadows [7,22]. In October 2018, a team of
inspectors counted the vessels equipped with unauthorized bottom trawls to estimate the
total number of illegal trawlers operating over the whole Gulf of Gabes. Between 400 and
500 of such trawlers were identified in the main ports around the Gulf of Gabes [21]. It is
very difficult to recognize and separate illegal Kiss trawlers from other trawlers, as most
of them do not display their identification numbers or VMS (vessel monitoring system)
used to monitor the location and the activities of commercial fishing vessels required under
Tunisian legislation, making legal pursuit and law enforcement harder. We estimated
that, around the Kneiss Islands, in the central part of the Gulf of Gabes, approximately
100 vessels carry out trawling activities every day in tidal channels. These vessels came
from the ports of Khawala, Skhira, and Mahres. They were small vessels (7 to 10 m of
length) equipped with mini trawls to catch target species such as the shrimp Metapenaeus
monoceros (Fabricius, 1798), several fish species, including Sparus aurata Linnaeus, 1758;
Diplodus spp.; Solea spp.; cephalopods Sepia officinalis Linnaeus, 1758; and recently, the
exotic invasive blue crab Portunis segnis (Forskal, 1775).

To study anthropogenic pressures and to assess their effects, ecologists and stake-
holders have stressed the key role of the macrofauna in establishing the ecological quality
status of benthic communities [23,24] and in assessing the biological integrity of marine
systems [25,26]. In fact, benthic invertebrates are considered potentially powerful indicators
of marine ecosystem health [24]. Due to their life at the sediment—water interface and their
short life spans, these organisms can record both accidental and chronic perturbations in
marine environments [27-29].

Coronavirus Disease 2019 (COVID-19) is the official name of a respiratory infectious
disease caused by a new coronavirus that was first reported in Wuhan, China, and then
spread unexpectedly fast across the world on 11 March 2020, when the World Health
Organization (WHO) stated the COVID-19 outbreak as a “pandemic public health men-
ace” [30,31] due to its worldwide spread. Since February 2020, affected countries have
locked down their cities and industries to restrict the movement of their citizens and to
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minimize the spread of the virus [30,32]. Despite the negative aspects of coronavirus on
human health, this crisis had a positive impact on the natural environment: improvements
in air and water quality, and reductions in industrial effluents and in the discharge of other
wastes [33,34]. There had also been a decline in the exploitation of natural resources and
a strong rise in the successful recruitment of several marine species observed in certain
perturbed ecosystems (harbours, industrial coastal zones, etc.), which was attributed to
lowered anthropogenic pressures [35,36]. These might be short-term improvements, but
they highlighted the severity of anthropogenic impacts worldwide.

In the Gulf of Gabes, a major part of this scientific work was carried out to assess the
interaction between fishing with bottom trawling, and vulnerable and protected animals
such as sharks, rays, and marine turtles. Data on the impacts of bottom trawling on
macrobenthic fauna in the Gulf of Gabeés are few and even rare, because a reference period is
required to study anthropogenic activities to understand their environmental effects. Many
human activities have developed around the Kneiss Islands, including bait digging [20]
and clam harvesting [37], and several research protocols have been implemented to study
the effects of each activity (see [20,37]).

This work highlights the response of macrobenthic communities when faced with
the cessation of destructive fishing activities during the COVID-19 pandemic lockdown
period. Therefore, this study was carried out using a BACI (Before After Control Impact)
approach, exploiting the COVID-19 pandemic lockdown period to evaluate the impacts
of bottom trawling on soft-bottom macrobenthic communities of the tidal channels of the
Kneiss Islands in order to set up an effective management plan for artisanal fishing activity
in this subtidal ecosystem of the central Mediterranean Sea.

2. Materials and Methods
2.1. Study Area

Located in the northwestern part of the Gulf of Gabes, between latitudes 34°10’ N and
34°30" N and between longitudes 10°E and 10°30" E, the Kneiss islands are characterized
by the highest tidal range in the western Mediterranean Sea; the tide is semi-diurnal with
an amplitude varying from 0.8 to 2.3 m [11]. Tidal currents have created shallow channels
in the Gulf of Gabes that are extensively developed around the Kneiss islands. In these
ecosystems, sediments are mainly composed of sand and coarse sand; the sedimentary
filling of the tidal channels shows decreasing grain size from downstream to upstream,
indicating that the action of tidal currents is stronger during a flood tide than during an ebb
tide [19]. Moreover, sediments in the shallowest waters are mainly characterized by sand,
whilst gravel is found at intermediate-depth stations and deeper stations are dominated
by fine sediment including silt [16]. Intensive human activities take place in this protected
area of the Kneiss Islands [16,20,37].

2.2. Sampling and Laboratory Procedures
2.2.1. Macrobenthic Sampling and Measurement of Physicochemical Variables

Benthic macrofauna sampling was performed between March and June 2020, and
carried out in the tidal channels of the Kneiss Islands at two trawled stations (i.e., stations
I1 and I2) in zones where the fishers used bottom trawling and at two other control
stations (stations C1 and C2: located in a protected zone preserved by artificial reefs
since 2014) (Figures 1 and 2). Five sampling campaigns were organized according to
a BACI strategy: one during March before the lockdown period, another at the end of
the lockdown period (total cessation of trawler fishing activity controlled by the coast
guard and the national navy), and three after the lockdown period (Figure 2). Benthic
macrofauna sampling was carried out using a Van Veen grab covering an area of about
0.05 m?, which penetrated approximately 0.1 m into the sediment. The station positions
were accurately determined using a GPS (Global Positioning System, WGS84). For each
sampling campaign, five replicates were carried out at each station: four for biological
analysis covering a total surface-area of 0.2 m? and one for sediment analysis. Each
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biological sample was sieved through a 1 mm mesh, fixed with buffered 10% formaldehyde,
and stained with Rose Bengal to facilitate sorting. In the laboratory, prior to identification,
the samples were washed and the organisms were hand-sorted into major taxonomic
groups, identified to the lowest practical taxonomic level (usually species level), and then
counted. Biomass was obtained as ash-free dry weight (g AFDW) after drying (60 °C for
48 h) and calcination (500 °C for 5 h). Species names were checked using the World Register
of Marine Species list (http:/ /www.marinespecies.org accessed on 20 November 2021). In
addition, several environmental factors were measured in situ such as depth (m), turbidity
(measured by Suspended Solids Concentration “SSC”; mg L 1), temperature (T °C), salinity
(measured in situ by WITW multi-meter) and dissolved oxygen concentration (by WITW
oximeter; mg L™1).
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Figure 1. Map of the study area showing the locations of the sampling stations (I1 and 12: trawled
zones; C1 and C2: control stations).
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Figure 2. Representation of the sampling strategy used in this study during the five sampling periods,
with P1: before lockdown; P2: during lockdown; P3: after two days; P4: after two weeks; P5: one
month after the lockdown; and BT: bottom trawling.

2.2.2. Sediment Grain-Size Analysis and Organic Matter Content

The sediment from each sampling period was homogenized and wet-sieved through
a 63 um mesh to separate muddy (including silt and clay), gravely, and sandy fractions
(retained on the sieve). After being oven-dried to constant weight at 60 °C, sediment
fractions were separated using a mechanical shaker (column of five sieves with mesh
sizes of 1000, 500, 250, 125, and 63 pm) for 10 min. All fractions (including <63 pm) were
then weighed to determine their percentage relative abundance. For the organic matter
content analyses, sediment samples were dried at 60 °C to constant weight and ground to a
fine powder. Organic matter content was determined on the powder samples by ‘loss on
ignition” at 450 °C for 4 h.

2.3. Statistical Analyses

Univariate and multivariate analyses were used to evaluate the changes in the structure
and composition of macrobenthic assemblages due to bottom trawling. We considered the
number of taxa, abundance, and biomass per station. These biological data were used to
calculate, at each station, the abundance (ind. m~2) and the most common biodiversity
indices, i.e., taxonomic richness (number of taxa per 0.2 mz), biomass (g AFDW m~2),
Shannon index (H") [38], and Pielou’s evenness (J’) [39].

A Log (x + 1) transformation was applied to the abundance matrix (data for each station
were pooled prior to undertaking further analyses) to minimize the influence of the most
dominant taxa, before calculating the Bray—Curtis similarities using the statistical package
PRIMER [40]. A dendrogram was created with group averages expressed in the cluster
mode. Then, a non-parametric multi-dimensional scaling (n-MDS) ordination was applied
to the abundance matrix using the Bray—Curtis similarity measure, with the objective of
examining the structure of the macrobenthic assemblages. The SIMilarity PERcentages
(SIMPER) routine was applied to establish which species contributed most to the observed
differences in the data. Analyses of the data were performed using PRIMER® version
6 (Plymouth Routines in Multivariate Ecological Research) package [40]. Permutational
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multivariate analysis of variance (PERMANOVA) was also conducted to test the significant
differences in macrobenthic fauna composition in response to bottom trawling (one-way
analysis) [41].

For the biological parameters, a Shapiro-Wilk normality test and a Bartlett’s test
for homogeneity of variance were performed prior to each ANOVA to check whether
the assumptions of ANOVA were met and if data transformation was necessary. Then,
three-way ANOVAs were used to assess the spatiotemporal effect of bottom trawling on
taxonomic, abundance, and biomass of macrofauna benthic between sample stations and
during each sampling campaign (before lockdown; during lockdown; and after two days,
two weeks, and one month of deconfinement). A Tukey Honestly Significant Difference
test was employed to determine differences before and after trawling period as well as
between the different sediment types. These statistical procedures were performed using
the R software vegan package.

3. Results
3.1. Environmental Variables

There were only a very small proportion of fine particles (<63 pm) in the sediment,
representing between 2 and 3.4% at stations 12, C1, and C2 and reaching 16% at I1. The
sediment was dominated by coarse sand (500-2000 pm) (68 to 82%), except at I1, which was
dominated by medium sand (74%). The organic matter content varied between 2.6% (C2)
and 4.1% (I1) (Table 1). No significant statistical changes could be identified in sediment
type and organic matter content between sampling stations and between dates (in both
cases; p > 0.05), showing that the sediment variables were stable throughout the BACI
study period from March to June 2020.

Table 1. Mean environmental characteristics of the four sampling stations during the five campaigns
of the March—June period.

Stations Coordinates Depth OM Q50 g, g ()  Sil-Clay  Sediment
Latitude (N) Longitude (E) (m) (%) (mm) (%) Type
i 38.00974 32.614844 560 4.1 0.79 83.5 +3.62 16.0 +5.18 m::‘;gm
2 37.98597 32.615700 830 3.8 1.11 97.3 £ 4.10 264622 coarse sand
c1 37.96937 32.615471 740 36 121 96.8 +3.12 324+ 4.60 coarse sand
2 37.95854 32.614429 650 26 1.14 95.8 + 2.64 344142 coarse sand

Figure 3 showed the variation in physicochemical variables measured during the
sampling period. The dissolved oxygen and the turbidity were significantly different
(ANOVA; F=1.38;p <0.01; F=2.12; p < 0.01, respectively) between the control and impacted
stations during the five trawling periods (P1, P3, P4, and P5; illustrated in Figure 2), with
higher turbidity values in the trawling stations (I1 and 12) and higher dissolved oxygen
values at the control stations (C1 and C2). The impacted stations exhibited lower values of
dissolved oxygen and higher values of SSC compared with the control stations during the
trawling period and particularly at the last date of sampling. Conversely, no significant
differences were identified for temperature and salinity between the stations during the
five sampling periods for the both environmental variables (p < 0.05) (Table 1).
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Figure 3. Physicochemical parameters (= SD) during the five sampling periods, with P1: 15 March;
P2: 21 April; P3: 6 May; P4: 18 May; and P5: 3 June 2020, were (a) temperature (°C), (b) salinity,
(c) dissolved oxygen (mg L~1), and (d) turbidity (Suspended solid concentrations; mg L-h.

3.2. General Composition of the Benthic Macrofauna

In total, 4846 macrofaunal individuals were identified belonging to 72 taxa and
6 zoological groups unequally distributed among the sampling stations. Annelid poly-
chaetes were dominant (40% of the total number of taxa), followed by crustaceans (34%),
mainly amphipods, decapods, and isopods, along with molluscs (21%), mainly bivalves
and gastropods. The other three phyla (echinoderms, cnidarians, and tunicates) accounted
for only 5% of the total number of taxa. Similarly, the polychaetes dominate numerically
(42% of the total abundance) with the species Cirratulus cirratus (O. F. Miiller, 1776), Eucly-
mene lumbricoides (Quatrefages, 1866), Amphitritides gracilis (Grube, 1860), and Nereis spp.
showing the highest number of individuals.

3.3. Impact of Bottom Trawling on the Macrofauna

Before the lockdown period (15 March 2020), the number of taxa and abundances in
the four sampled stations were significantly different, with higher values recorded in the
control stations than in the impacted stations (F = 3.9; p < 0.01; F = 2.1; p < 0.01, respectively).
During the lockdown period (21 April 2020), when there were no trawling activities, the
number of taxa and abundance increased at both impacted stations. After lockdown,
abundances and numbers of taxa at both control stations were higher after two days, two
weeks, and one month of the period after confinement compared with the impacted stations
(Figure 4; Table 2).

Table 2. Proportion of zoological groups (A: % total abundance; B: % total biomass), the mean taxa
number, mean abundance, and mean biomass recorded at the two impacted (I) and two control sta-
tions (C) during the five sampling periods: The mean taxa number (number of taxa per 0.2 m? + SD);
the mean abundance (number of individuals per m? =+ SD); the mean biomass (g AFDW per m?2 + SD);
BT: bottom trawling and others groups (echinoderms, cnidarians, and tunicates).

Presence of BT

Absence of BT

Deconfinement; Presence of BT Activity

Activity Activity
Before Lockdown Lockdown After Two Days After Two Weeks After One Month
C I C I C I C I C I
A B A B A B A A B A B A B A B A B A B
Polychaetes 47 351 270 144 42 343 37 36 354 30 218 43 317 26 162 49 313 19 136

217



Int. J. Environ. Res. Public Health 2022, 19, 1282

Table 2.

Cont.

Presence of BT

Absence of BT

Deconfinement; Presence of BT Activity

Activity Activity
Before Lockdown Lockdown After Two Days After Two Weeks After One Month
C I C I C I C I C I
A B A B A B A B A B A B A B A B A B A B
Crustaceans 27 34.3 44 51.3 33 351 35 428 38 345 39 424 31 36.0 42 504 26 383 42 542
Molluscs 22 27.2 27 322 21 281 25 288 24 283 30 346 23 303 32 334 22 272 39 322
Others groups 4 3.4 2 2.1 4 2.4 3 35 2 1.8 1 1.2 3 2.0 0 0 3 32 0 0
Mean taxa number 35.0 £+ 3.0 11.0+2.1 415+ 3.6 33.0+42 36.0 £ 2.4 255+2.6 36.5+3.2 170+ 1.8 345+34 95+22
Mean abundance 2762 +£202 1256 £ 112 3187 £348 2807 £211 2856 +262 1923 +104 2821 + 301 1112 +£96 2634 +182 958 + 62
Mean biomass 113 + 20 64 +9 186 + 22 124 +12 194 + 24 102 +13 198 + 14 68+ 8 211+ 14 49+6
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Figure 4. Benthic community parameters: taxonomic richness (a), abundance (b), Shannon-Wiener

index (c), and Pielou’s evenness (d) with standard deviation for all stations sampled before lockdown;

during lockdown; and after two days, two weeks, and one month after confinement.

H’ and ]’ varied significantly between stations (F = 2.18; p < 0.01; F = 3.11; p < 0.01,
respectively) (Table 3), with higher values of these indices corresponding to control stations
during the lockdown period (H'= 3.6 bits.ind~!; ]'= 0.95 in C2) (Figure 4).

Table 3. Results of the ANOVAs with the three factors: time (5 levels; df = 4), trawling (2 levels; df = 1),
and site (4 levels; df = 3) for the five biological variables (*: significant variation).

Factor F p
Time 3.9 <0.01*
Richness species Site 1.14 <0.01*
Trawling 0.23 0.01 %
Time 29 <0.01*
Abundance Site 1.21 <0.01*
Trawling 0.84 <0.01*
Time 214 0.01*
Biomass Site 0.86 <0.01*
Trawling 12.2 0.01 %
Time 211 <0.01*
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Table 3. Cont.

Factor F p
H’ Site 2.18 <0.01*
Trawling 1.14 0.01 %
Time 241 0.01*
J Site 3.11 <0.01*
Trawling 1.04 0.01 %

During the lockdown period, the four stations were dominated by polychaetes (~40%),
followed by crustaceans and molluscs. During the trawling period, the faunal composition
varied between the control and the impacted stations, with lower values in the impacted
stations. The abundance of dominant species such as the infaunal polychaetes Cirratulus
cirratus (O.F. Miiller, 1776), Euclymene oerstedii (Claparede, 1863), the amphipod Microdeuto-
pus anomalus (Rathke, 1843), and the bivalve Scrobicularia plana (da Costa, 1778) decreased
during the trawling periods at trawled sites compared with the control stations. In contrast,
the abundances of the latest species were higher during the lockdown period and even two
days after the end of the lockdown in all sampled stations (Figure 5).

00 Cirratulus cirmatus (O F_Miiller, 1 776) Fuclymene oerstedii (Claparéde_ 1863)
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Figure 5. Mean abundance (£ SD; n = 2) for some representative species at control and impact stations
during the five sampling periods (before lockdown; during lockdown; and after two days, two weeks,
and one month of deconfinement). White column: control stations; black column: impacted stations.

Several sedentary organisms such as the porifera; echinodermata; cnidaria; and the
tubicolous polychaeta (including the Sabellidae Sabella pavonina Roule, 1896 and Bran-
chiomma bombyx (Dalyell, 1853); the Terebellidae Terebella lapidaria Linnaeus, 1767 and
Amphitrite rubra (Risso, 1826); and the Serpulidae Serpula vermicularis Linnaeus, 1767 and
Hydroides dianthus (Verrill, 1873)) only appeared at trawled stations during the lockdown
period and after two days at the end of the lockdown, and then disappeared after two
weeks later (18 May 2020). The ANOVA test showed that there were significant differ-
ence between biomass recorded during the five sampling periods at all stations (ANOVA;
df =4; F =21.4; p < 0.05) (Table 3). The control stations showed higher biomass compared
with both trawled stations during the five sampling campaigns (ANOVA; df = 1; F =12.2;
p < 0.01). The biomass of macrobenthic communities was higher at the control stations
during the four fishing periods compared with the trawled stations (I1 and 12). During
the lockdown period (P2), the biomass increased at the impacted stations simultaneously
with the increase in abundance. Equally, the biomass of the main zoological group showed
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significant variation during the five sampling periods (ANOVA; df = 4; F = 112.4; p < 0.05).
The biomass of polychaetes recorded at trawled stations gradually decreased with the
increase in the number of trawling days (see Table 2).

The dendrogram and n-MDS (Figure 6) showed a remarkable spatial separation
between the sampled stations in all three groups. The first group (GI) corresponded to both
control stations sampled during the five campaigns plus both impacted stations sampled
during the lockdown period. The second group (GII) corresponded to the two impacted
stations sampled after only two days of deconfinement (resumption of bottom trawling
activity) (I1d and 12d). The last group (GIII) gathered the impacted stations sampled before
lockdown, after two weeks and after one month of deconfinement.
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Figure 6. Dendrogram (a) and n-MDS ordination plot (b) of Bray—Curtis similarities from abundance
data (Log (x + 1) transformation) for impacted (I1 and 12) and control (C1 and C2) sampling before
lockdown (b); during lockdown (1); and after two days (d), two weeks (w), and one month (m) of
deconfinement. Three groups of stations are identified by cluster analysis at a 50% similarity level.

SIMPER was used here to illustrate the biological reasons for the clustering of stations
with (before and after lockdown) and without bottom trawling activity (during lockdown
period) (Table 4) by showing the group similarity identifying species contributing most
to the similarity between groups. The first group (GI; 84.54% contribution to total simi-
larity) was strongly represented by the polychaetes Cirratulus cirratus, Euclymene oerstedii,
Hediste diversicolor, Amphitritides gracilis, and Euclymene lumbricoides and the amphipods
Monocorophium acherusicum and Microdeutopus anomalus. The second group (GII; 59.43%)
was represented by the polychaetes Cirratulus cirratus, Hilbigneris gracilis, and Perinereis
cultrifera; the molluscs Cerithium scabridum, Scrobicularia plana, and Tricolia speciosa; and the
amphipods Monocorophium insidiosum and Dexamine spinosa. The last group (GIIL; 27.82%)
corresponded to the impacted stations sampled before lockdown and after two weeks
and then one month of deconfinement. This group was represented by the amphipods
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Microdeutopus gryllotalpa, Cymadusa filosa, and Dexamine spinosa and the molluscs Gibbula
ardens, Loripes orbiculatus, and Calliostoma zizyphinum (Table 4). The PERMANOVA analysis
showed that the three groups are statistically highly separated (PERMANOVA; F = 23.2;
p <0.01).

Table 4. Groups formed by n-MDS ordination, with indication of similarities between each group
(%) and the most representative species (% of contribution for the similarity within the group)
contributing to the similarity within the group, determined with SIMPER analysis.

GI GII GIII

Similarity (%) 64.54 49.43 27.82
Cirratulus cirratus—52.3 Cirratulus cirratus—48.6 Microdeutopus gryllotalpa—51.6
Euclymene oerstedii—46.0 Hilbigneris gracilis—44.9 Cymadusa filosa-—48.2
Hediste diversicolor—38.1 Perinereis cultrifera—42.0 Dexamine spinosa—41.0
Amphitritides gracilis—34.2 Cerithium scabridum—37.0 Gibbula ardens—32.2
Leucothoe incisa—?28.2 Euclymene oerstedii—26.7 Tellina tenius—28.1

Main species Eulymene lumbricoides—26.6 Scrobicularia plana—21.0 Tritia cuvierii—21.4
Monocorophium acherusicum—22.7  Melita palmata—18.2 Gammarus insensibilis—20.8
Microdeutopus anomalus—18.6 Monocorophium insidiosum—16.1 Euclymene oerstedii—19.4
Scrobicularia plana—11.3 Marphysa sanguinea—10.2 Loripes orbiculatus—17.3
Melinna palmata—7.0 Tricolia speciosn—8.6 Calliostoma zizyphinum—15.2
Heteromastus filiformis—4.2 Dexamine spinosa—3.2 Pinctada (imbricata) radiata—7.1

4. Discussion

Bottom trawling has global negative impacts on marine biodiversity and habitats and
is already considered among the anthropogenic pressures that threaten marine environ-
ments [5,6,8,10,42]. This destructive fishing activity is very widespread in the Mediter-
ranean and practiced intensively in the Gulf of Gabes region. In the Mediterranean Sea,
many studies have demonstrated the negative environmental impacts of bottom trawling
on Posidonia oceanica meadows, marine fish productivity, and macroinvertebrate fauna
diversity [43-45]. According to different observations in several Mediterranean fisheries,
trawling activities have been responsible for the bulk of discards and the decline in fish
stocks during the last few decades in the Mediterranean region [5,44].

To study the impacts of bottom trawling on macrobenthic communities in tidal chan-
nels of the Kneiss Islands, we use a BACI approach applied before and after the COVID-19
pandemic lockdown in the Gulf of Gabes. In this study, we evaluate for the first time the
effects of trawling on the benthic fauna of soft bottom substrates. Many recent studies have
indicated that the COVID-19 lockdown had important positive impacts in reducing several
human activities and improving environmental quality [35,36]. Similarly, the before/after
COVID-19 pandemic lockdown approach is an excellent opportunity used to assess the
impacts of trawling on benthic communities in the central part of the Mediterranean Sea.

The macrofauna of the tidal channels of Kneiss Islands is mainly composed of poly-
chaetes belonging to the families Cirratulidae, Maldanidae, Nereididae, and Lumbrineridae,
followed by the amphipods represented by the Gammaridae, Dexaminidae, Corophiidae, and
Aoridae. During the five sampling periods (Figure 2), the control stations showed higher
diversity indices (taxonomic richness, abundance, and biomass) compared with the trawled
stations. The values of abundance and biomass recorded at the control stations in tidal
channels of Kneiss islands (3187 + 348 ind.m~2; 186 + 22 g AFDW.m ™2, respectively)
appear to be very high compared with other Mediterranean ecosystems [46], showing
that the tidal channels ecosystems form suitable and highly productive habitats for the
macrobenthic fauna [16,47].

The seafloor morphologies in the tidal channels are of crucial importance for the
functioning of marine ecosystems since they allow for the exchange of water, sediments,
nutrients, biota, and pollutants with the open sea [16,48]. The low biodiversity of the macro-
zoobenthic fauna recorded at trawled stations reflects the strong impact of destructive
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fishing gear, potentially affecting entire habitats and leading to the damage and/or killing
of benthic organisms. As a result, this reduces species taxonomic richness, abundance, and
biomass as reported in several other international studies [49-51]. The notable increase
in benthic community indices during the COVID-2019 pandemic lockdown period and
after two days of deconfinement (5 June 2020) at trawled stations highlights the negative
effects of illegal fishing gear on the subtidal benthic soft-bottom communities of the Kneiss
Islands. However, in the absence of trawling activities, we observe an increase in the abun-
dance of many species such as the tubicolous polychaetes Euclymene oerstedii and Melinna
palmata; the infaunal polychaetes Cirratulus cirratus and Scolemata impatiens; the amphipod
Microdeutopus anomalus; and the bivalves Scrobicularia plana, Loripes orbiculatus, and Pinctada
imbricata radiata. Likewise, other numerous sedentary fauna such as the cnidaria, echin-
odermata, and tubicolous polychaeta species (e.g., Sabellidae, Terebellidae, and Serpulidae)
appeared only at impacted stations during the lockdown period and after two days of
deconfinement. In fact, the continuous fishing disturbance contributes to a decline in the
resistance of the macrobenthic assemblages of the Kneiss Islands. The high resilience of
these shallow benthic communities during the cessation of fishing activities is indicated by
the reappearance of smaller and some sensitive species such as infaunal polychaetes (e.g.,
tubicolous species) and mobile crustaceans that are unable to withstand environmental
changes due to their biological traits (life history, morphology, behaviour of each taxon,
inter-specific interactions, and connections between species and their environment); this
also proves that the stability of sediment and nutrients of the tidal channels in the absence
of bottom trawling promotes the successful recruitment and colonization of several benthic
species and increases the trophic availability, which also attracts other mobile organisms
from neighbouring ecosystems (intertidal zones). The short-term increase in the number
abundance, and biomass of many sensitive and small-sized benthic organisms during the
COVID-19 lockdown period in the tidal channels of Kneiss could be explained by the fact
that this period coincides with the recruitment period of the majority of the macrobenthic
species that generally takes place during the spring and summer season [52]. Previous
studies showed that opportunistic species, such as the polychaete families Spionidae and
Cirratulidae, are characterized by high growth rates, a short life span, a low reproductive
age, and a large reproductive output [53,54]; these are more resistant to change and im-
pose their opportunistic strategy of life to overcome environmental changes caused by
anthropogenic pressures including fishing disturbances [45,55].

Trawling stress leads to the selection of species that are adapted to living in soft-
bottom habitats. Combined with a strong bottom trawling activity, this implies that the
benthic community is able to recolonize this environment rapidly after the cessation of
anthropogenic pressures [56]. In fact, mobile species (e.g., amphipods and small species)
have the ability to tolerate environmental changes and are able to escape during fishing
disturbances [57]. Moreover, the smaller and sensitive macrobenthic organisms are also
vulnerable to trawling effects [45,58], often displaying relatively high growth capacity and
turnover rates, resulting in shorter recovery times [42,59,60].

The reappearance of some macrobenthic species and the increases in abundance and
biomass of macrofauna at the trawled stations during the COVID-19 lockdown suggest
that one month without trawling activities is necessary for the restoration of biodiversity
and for the recovery of the subtidal ecosystem of the Kneiss Islands. Many authors have
shown the strong resilience capacity of benthic communities following the short impacts
of fishing disturbances including bottom trawling effects and that the speed and nature
of recovery can vary greatly, depending upon the type and duration of impact and upon
the physical and life-history characteristics of the species making up the macrobenthic
communities [6,60-63].

The depletion in diversity and biomass of macrobenthic communities (especially
polychaetes; Cirratulidae, Nereididae, and Maldanidae) observed at trawled stations during
the fishing period (almost —70% after a month of fishing) is due to direct and indirect
mortality (destruction of tubes, exposure to predators, and habitat destruction) [63-66].
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Generally, the diversity and abundance of tubicolous polychaetes decreases after any
destructive fishing activity [20,37,65]. Environmental changes caused by destructive fishing
gear lead to effects that modify the habitat structure, disrupt food web processes, and
eliminate the more vulnerable organisms susceptible to environmental damage. This is
because organisms are displaced by the fluidized sediments generated by the pressure wave
in front of a moving trawl [67,68]. Usually, macrobenthos respond negatively to fishing
pressures, since they are highly vulnerable and can be considerably reduced in diversity
and abundance or even eliminated, being extremely fragile and particularly susceptible
to damage [45,69]. The increase in macrobenthic fauna biomass at the trawled stations
during the COVID-19 lockdown compared with the fishing periods confirms that chronic
trawling has a strong negative impact on the biomass and the functional capacity of subtidal
benthic macrofaunal communities. These results are in agreement with other previous
studies reporting the negative effects of trawling activity on the diversity, size composition,
and biomass of benthic communities [50,62]. Equally, biomass is an effective indicator of
trawling disturbance. Recently, Sciberras et al. [50] demonstrated that the effects of trawling
are most pronounced in long-lived benthic organisms, as these typically take longer to
recover after a trawling event. In the tidal channels of the Kneiss Islands, the effects of
trawling influence not only the sensitive taxa (infauna polychaetes) but also the larger
macrobenthic communities such as the crustacean decapods Carcinus spp. and Metapenaeus
Monoceros (Fabricius, 1798) and the molluscs Pinctada imbricata radiata (Leach, 1814) and
Cerastoderma glaucum (Bruguiere, 1789). Evenly, many experimental studies have revealed
that large macrofauna are also disproportionately sensitive to trawling disturbance [70-72].
This vulnerability has been linked to a relationship between body size and several key life-
history traits [73], whereby larger macrobenthic species tend to grow and reach maturity at
a slower rate. Such species have comparatively lower mortality and population growth
rates and are therefore more vulnerable to trawling-induced mortality. Repeated and
intense trawling would typically result in shifts away from communities dominated by
a high biomass of long-lived organisms towards those dominated by highly abundant
small macrofauna including opportunistic species [42,71,74]. The frequently trawled tidal
channels of the Kneiss islands show increased water turbidity caused by the scraping of the
seabed during trawling and the injection of sediments into the water column [75] associated
with a decrease in dissolved oxygen concentration [52]. The impact of oxygen deficiency
results in various behavioural changes for macrofauna communities. Mobile organisms (i.e.,
amphipods and decapods) are able to move away from or avoid hypoxic locations, while
the behavioural responses of sessile species (i.e., some molluscs, infauna, and tubicolous
polychaetes) might express modifications of feeding and bioturbation rates [76]. However,
complete faunal depletion is observed at low oxygen concentrations and under anoxic
conditions in trawled zones [77]. Generally, various co-varying and interacting factors
have been proposed to account for the environmental effects of bottom trawling. These
may include the sensitivity of specific marine habitats [7,62], the impact of different gear
types [1,78], the magnitude of background human and natural disturbances [52,79], and the
capacity of benthic communities to adapt (resistance) to environmental disturbances [62,74].
Either alone or in combination, such factors could obscure the measurable effects of trawling
on benthic habitats and organisms and may also explain why indicators sometimes display
various different performances [12,80].

5. Conclusions and Future Perspectives

The present study shows the negative effects of bottom trawling on macrobenthic
fauna in the tidal channels of the Kneiss Islands. This destructive fishing gear causes a
notable reduction in the taxonomic richness, abundance, and biomass of the macrobenthic
communities. It is well known that the macrofauna plays a crucial role in the food web
either by feeding on detritus or as food for aquatic birds and economically important
demersal fish [81]. Thus, it would be very important to ban this illegal destructive fishing
activity in the Kneiss Islands, which represents a site of international interest in terms
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of marine biodiversity (Important Bird Area, SPAMI, and RAMSAR Site). This study
shows that just one month of non-fishing is sufficient to allow for the recovery of benthic
biodiversity. Finally, this exceptional lockdown period due to the COVID-19 pandemic
points to the high resilience of the macrobenthic community after the cessation of trawling
disturbances, which affects the interface between the sediment and the bottom layer of the
water column and has widespread negative impacts on benthic communities and marine
habitat. It could be a significant and important reason to prevent and prohibit the use of
this illegal and destructive fishing gear to better protect the marine biodiversity of the tidal
channels of Gulf of Gabes.

Several aims might be considered for future work. The first would be to produce an
effective management plan integrating stakeholder communities to conserve the fisheries
of the Kneiss Islands. Second, it would be interesting to complete an evaluation of the
impacts of bottom trawling on macro- and megabenthic fauna in other tidal channels of
the Gulf of Gabes (studied recently by Dauvin et al. [16]). Finally, it might be worthwhile
carrying out seasonal and annual monitoring at selected stations along these tidal channels
to follow the long-term response of macrofauna communities to illegal fishing pressures.
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Abstract: As the third wave of the COVID-19 pandemic hit Portugal, it forced the country to reintro-
duce lockdown measures due to hospitals reaching their full capacities. Under these circumstances,
environmental contamination by SARS-CoV-2 in different areas of one of Portugal’s major Hospitals
was assessed between 21 January and 11 February 2021. Air samples (n = 44) were collected from
eleven different areas of the Hospital (four COVID-19 and seven non-COVID-19 areas) using Coriolis®
i and Coriolis® Compact cyclone air sampling devices. Surface sampling was also performed (1 = 17)
on four areas (one COVID-19 and three non-COVID-19 areas). RNA extraction followed by a one-step
RT-qPCR adapted for quantitative purposes were performed. Of the 44 air samples, two were positive
for SARS-CoV-2 RNA (6575 copies/m?3 and 6662.5 copies/m?, respectively). Of the 17 surface samples,
three were positive for SARS-CoV-2 RNA (200.6 copies/cm?, 179.2 copies/cm?, and 201.7 copies/cm?,
respectively). SARS-CoV-2 environmental contamination was found both in air and on surfaces
in both COVID-19 and non-COVID-19 areas. Moreover, our results suggest that longer collection
sessions are needed to detect point contaminations. This reinforces the need to remain cautious at all
times, not only when in close contact with infected individuals. Hand hygiene and other standard
transmission-prevention guidelines should be continuously followed to avoid nosocomial COVID-19.

Keywords: SARS-CoV-2; environmental contamination; air samples; surface samples

1. Introduction

SARS-CoV-2 infection causes respiratory illness ranging from mild to severe disease
and death, with some infected people being asymptomatic [1]. According to the World
Health Organization (WHO), evidence shows that SARS-CoV-2 spreads mainly between
people who are standing near one another. In these situations, aerosols or droplets produced
by an infected person and which contain the virus are inhaled or come directly into contact
with the nose or mouth of a susceptible person, particularly in poorly-ventilated and
crowded indoor environments [2].
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Respiratory droplets formed from respiratory secretions and saliva are emitted through
talking, coughing, sneezing and even breathing, and have a diameter ranging from <1
pum to >100 pm [3]. Respiratory droplets are generally defined as particles that fall to the
ground (or any surface) more quickly under the influence of gravity due to their larger
size; typically, these are particles > 5-10 um that fall within 2 m of the source. When these
particles settle on surfaces, the contaminated surfaces are then called fomites. Once emitted
by humans, these respiratory droplets tend to reduce in size due to evaporation, after
which they are termed as droplet nuclei or aerosols, which can be defined as particles
that remain suspended due to size and/or environmental conditions; typically, these are
particles < 5 um that stay suspended in air for longer, eventually falling to the ground if
the air is motionless for long enough (at least 30 min) [3]. Considering that aerosols are
small enough to remain suspended in air, they can accumulate in poorly-ventilated spaces
and in turn be inhaled at both short and long ranges by a susceptible person, indicating the
importance of improving and ensuring good indoor ventilation in the context of COVID-
19 [4]. Moreover, the produced aerosols contain much higher viral loads when compared
to viral loads in droplets [5-8]. Hence, proper ventilation can reduce surface contamination
by removing virus particles before they can land on surfaces [9].

Despite droplet and fomite transmissions being considered the probable main modes of
transmission for SARS-CoV-2, these alone cannot account for superspreading events [10-12],
or for differences in transmission between indoor and outdoor environments [8]. SARS-
CoV-2 modes of transmission are now distinguished as inhalation of virus, deposition
of virus on exposed mucous membranes, and touching mucous membranes with soiled
hands contaminated with virus [13]. However, individuals who come into contact with
potentially infectious surfaces or aerosols containing viral particles often have close contact
with an infected person, making it difficult to distinguish the source of infection as being
airborne or through fomites [14], particularly in healthcare institutions where infected indi-
viduals continuously excrete high viral loads into the environment, potentially adding to
the occupational risk of healthcare professionals [15]. In fact, while the risk of transmission
via environmental contamination of SARS-CoV-2 is considered to be generally low [16], a
number of factors may increase this risk, particularly considering hospital environments
where a high number of symptomatic patients with active infection and increased viral
shedding might be present when compared to the situation in the community outside the
hospital environment [17].

At the beginning of this study, 21 January 2021, there were 151,226 active cases of
COVID-19 in Portugal and 702 people admitted in intensive care units (ICUs) all over
the country [18]. To the best of the authors” knowledge, no study on environmental
contamination with SARS-CoV-2 in hospital settings has been performed in Portugal;
hence, this study aimed to assess air and surface contamination in different areas of a major
Hospital in Portugal during the peak of the third wave of COVID-19 in the country (late
December 2020 to mid-February 2021). The study also aimed at assessing the performance
and suitability of two air samplers (Coriolis® pt and Coriolis® Compact) for SARS-CoV-2 air
monitoring. The results may be relevant in establishing interventions to prevent healthcare
workers’ exposure to SARS-CoV-2 and to optimize and better understand the extent of
environmental viral contamination of surfaces in healthcare settings.

2. Materials and Methods

Sampling sites

Environmental sampling took place in a Hospital in Portugal that serves around 2.2%
of the Portuguese population, between 21 January and 11 February 2021. Air samples
(n = 44) were collected from four COVID-19 and seven non-COVID-19 areas. COVID-19
areas included the COVID-19 ICU, intermediate COVID-19 ICU, COVID-19 nursing area
and the COVID-19 testing room. Non-COVID-19 areas included the respiratory diseases
observation room, respiratory diseases waiting room, clinical decision unit, non-respiratory
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diseases patients’ waiting room, urgent care (recovery area), the Hospital’s outside entrance

atrium and the Hospital's staff cafeteria.

Surface sampling (n = 17) was performed on four areas, of which three were non-
COVID-19 areas (non-respiratory disease waiting room, staff cafeteria, and outside entrance
atrium) and one COVID-19 area (the COVID-19 testing room). Further details about each
sampling site are summarized in Tables 1 and 2.

Table 1. Air ventilation details about the sampling sites.

Hospital Area

Type of Ventilation
and Pressure

People with Access to
This Area

COVID-19 ICU

Mechanic ventilation,
negative pressure

Patients and Hospital staff

Intermediate
COVID-19 ICU

Mechanic ventilation,
negative pressure

Patients and Hospital staff

COVID-19 nursing area

COVID-19 areas

Mechanic ventilation,
negative pressure

Patients and Hospital staff

COVID-19 testing room

Mechanic ventilation,
negative pressure

Patients and Hospital staff

Respiratory diseases
observation room

Natural ventilation,
neutral pressure

Patients and Hospital staff

Respiratory diseases
waiting room

Natural ventilation,
neutral pressure

Patients, Hospital staff and
patients” companions

Non-respiratory diseases
waiting room

Natural ventilation,
neutral pressure

Patients, Hospital staff and
patients” companions

Clinical decision unit

Natural ventilation,
neutral pressure

Patients and Hospital staff

Urgency care
(recovery area)

Non-COVID-19 areas

Natural ventilation,
neutral pressure

Patients and Hospital staff

Hospital’s outside
entrance atrium

Natural ventilation,
neutral pressure

Open to the general public

Hospital staff’s cafeteria

Natural ventilation,
neutral pressure

Hospital staff

Table 2. Details of the air samples’ collections for SARS-CoV-2 RNA detection in the Hospital.

Device

Sample ID Date of Collection Hospital Area

Sampler Location

Sampling
Parameters

Coriolis® Compact

C1

21 January 2021 ICU COVID-19

Air sampler placed
approximately 1.3 m

above the floor and 2 m 50 L/min, 60 min

from a patient bed, in
the center of the room

C2

ICU intermediate
COVID-19

21 January 2021

Air sampler placed

approximately 1.3 m
above the floor and 2 m 50 L/min, 60 min

from a patient bed, in
the center of the room
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Table 2. Cont.

Device SampleID  Date of Collection Hospital Area Sampler Location Sampling
Parameters
Air sampler placed
Nursine area approximately 1.3 m
C3 21 January 2021 & above the floorand2m 50 L/min, 60 min
COVID-19 . .
from a patient bed, in
the center of the room
Air sampler placed
Respiratory approximately 1.3 m
C4 27 January 2021 diseases above the floor and 2 m 50 L/min, 60 min
observation room from a patient bed, in
the center of the room
Repiaory S phoed
Cc5 27 January 2021 diseases waiting above the floor in the 50 L/min, 60 min
room
center of the room
Air sampler placed
- - approximately 1.3 m
Cé6 27 January 2021 Chmcs:llnc}fasmn above the floor and 2 m 50 L/min, 60 min
from a patient bed, in
the center of the room
Air sampler placed
C7 2February 2021~ COVIDDtesting - approximately 13m 5oy /o 60 min
room above the floor in the
center of the room
Nowrepiary sl lacs
C8 2 February 2021 diseases waiting above the floor in the 50 L/min, 60 min
room
center of the room
Air sampler placed
approximately 1.3 m
C9 2 February 2021 Urgency Care above the floor and 2 m 50 L/min, 60 min
(Recovery area) P . .
rom a patient bed, in
the center of the room
Air sampler placed
C10 11 February 2021~ [iospital’s outside approximately L3m 5y /i) 60 min
entrance atrium above the floor in the
center of the room
Air sampler placed
c11 11 February 2021 Hospital approximately 13m 55y /i 60 min
y employe’s cafeteria above the floor in the !
center of the room
Air sampler placed
approximately 1.3 m
M1 21 January 2021 ICU COVID-19 above the floorand 2m 100 L/min, 10 min
2 from a patient bed, in
e, the center of the room
g Air sampler placed
=
8 approximately 1.3 m
M2 21 January 2021 ICU COVID-19 above the floorand 2m 200 L/min, 10 min

from a patient bed, in
the center of the room
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Table 2. Cont.

Device

Sample ID

Date of Collection

Hospital Area

Sampler Location

Sampling
Parameters

M3

21 January 2021

ICU COVID-19

Air sampler placed
approximately 1.3 m
above the floor and 2 m
from a patient bed, in
the center of the room

300 L/min, 10 min

M4

21 January 2021

ICU intermediate
COVID-19

Air sampler placed
approximately 1.3 m
above the floor and 2 m
from a patient bed, in
the center of the room

100 L/min, 10 min

M5

21 January 2021

ICU intermediate
COVID-19

Air sampler placed
approximately 1.3 m
above the floor and 2 m
from a patient bed, in
the center of the room

200 L/min, 10 min

Meé

21 January 2021

ICU intermediate
COVID-19

Air sampler placed
approximately 1.3 m
above the floor and 2 m
from a patient bed, in
the center of the room

300 L/min, 10 min

M7

21 January 2021

Nursing area
COVID-19

Air sampler placed
approximately 1.3 m
above the floor and 2 m
from a patient bed, in
the center of the room

100 L/min, 10 min

M8

21 January 2021

Nursing area
COVID-19

Air sampler placed
approximately 1.3 m
above the floor and 2 m
from a patient bed, in
the center of the room

200 L/min, 10 min

M9

21 January 2021

Nursing area
COVID-19

Air sampler placed
approximately 1.3 m
above the floor and 2 m
from a patient bed, in
the center of the room

300 L/min, 10 min

M10

27 January 2021

Respiratory
diseases
observation room

Air sampler placed
approximately 1.3 m
above the floor and 2 m
from a patient bed, in
the center of the room

100 L/min, 10 min

M11

27 January 2021

Respiratory
diseases
observation room

Air sampler placed
approximately 1.3 m
above the floor and 2 m
from a patient bed, in
the center of the room

200 L/min, 10 min

Mi12

27 January 2021

Respiratory
diseases
observation room

Air sampler placed
approximately 1.3 m
above the floor and 2 m
from a patient bed, in
the center of the room

300 L/min, 10 min
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Table 2. Cont.

Device SampleID  Date of Collection Hospital Area Sampler Location Sampling
Parameters
Respiratory Air sampler placed
. o approximately 1.3 m . .
M13 27 January 2021 chseasrtisO vr;llaltmg above the floor in the 100 L/min, 10 min
center of the room
Respiratory Air sampler placed
. L approximately 1.3 m . .
M14 27 January 2021 dlseasrzso maltmg above the floor in the 200 L/min, 10 min
center of the room
Respiratory Air sampler placed
. o approximately 1.3 m . .
M15 27 January 2021 dlseai(i)s() xaltmg above the floor in the 300 L/min, 10 min
center of the room
Air sampler placed
. - approximately 1.3 m
M16 27 January 2021 Chm“jn‘if“sm above the floorand 2m 100 L/min, 10 min
from a patient bed, in
the center of the room
Air sampler placed
- - approximately 1.3 m
M17 27 January 2021 Chmcs:llnc}fasmn above the floorand2m 200 L/min, 10 min
from a patient bed, in
the center of the room
Air sampler placed
.. .. approximately 1.3 m
M18 27 January 2021 Clmlca:llnifasmn above the floorand2m 300 L/min, 10 min
from a patient bed, in
the center of the room
Air sampler placed
M19 2 February 2021 COVID-19 testing approximately .1’3 o 100 L/min, 10 min
room above the floor in the
center of the room
Air sampler placed
M20 2February 2021~ COVID-Wtesting - approximately 13m0y i 10 min
room above the floor in the
center of the room
Air sampler placed
M21 2February 201~ COVID-Dtesting - approximately 13m 5001 i 10 min
room above the floor in the
center of the room
Non-respiratory Air samplerlplaced
. 0 approximately 1.3 m . .
M22 2 February 2021 chseasrtisO vr;llaltmg above the floor in the 100 L/min, 10 min
center of the room
Non-respiratory Air sar'npler placed
M23 2 February 2021 diseases waiting approximately 13m g4y / in 10 min

room

above the floor in the
center of the room
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Table 2. Cont.

Device SampleID  Date of Collection Hospital Area Sampler Location Sampling
Parameters
Novrepirary A sanplr el
M24 2 February 2021 diseases waiting above the floor in the 300 L/min, 10 min
room
center of the room
Air sampler placed
approximately 1.3 m
M25 2 February 2021 Urgency Care above the floorand2m 100 L/min, 10 min
(Recovery area) £ . .
rom a patient bed, in
the center of the room
Air sampler placed
approximately 1.3 m
M26 2 February 2021 Urgency Care above the floorand2m 200 L/min, 10 min
(Recovery area) P . .
rom a patient bed, in
the center of the room
Air sampler placed
approximately 1.3 m
M27 2 February 2021 Urgency Care above the floorand 2m 300 L/min, 10 min
(Recovery area) P . .
rom a patient bed, in
the center of the room
Air sampler placed
M28 11 February 2021 [iospital’s outside approximately L3m 50y /i 40 min
entrance atrium above the floor in the
center of the room
Air sampler placed
M29 11 February 2021 [Lospital’s outside approximately L3m py0y /sy 40 min
entrance atrium above the floor in the
center of the room
Air sampler placed
Hospital’s outside approximately 1.3 m . .
M30 11 February 2021 entrance atrium above the floor in the 300 L/min, 10 min
center of the room
Air sampler placed
M31 11 February 2021~ Llospital staff’s approximately 13m0y ) in 10 min
cafeteria above the floor in the
center of the room
Air sampler placed
M32 11 February 2021~ lospital staff's approximately 13m o4/ in 10 min
cafeteria above the floor in the
center of the room
Air sampler placed
Hospital staff’s approximately 1.3 m . .
M33 11 February 2021 cafeteria above the floor in the 300 L/min, 10 min

center of the room

Collection of air and surface samples
Air samples were collected using two cyclonic microbial air samplers, a Coriolis® u
and a Coriolis® Compact (Bertin Instruments, Montigny-le-Bretonneux, France). Using the
Coriolis® y, three consecutive air samplings were collected from each of the eleven areas of
the Hospital for 10 min each with an airflow rate of 100 L/min (total of 1 m3), 200 L/min
(total of 2 m®) and 300 L/min (total of 3 m%), respectively. Air samples with the Coriolis® p
were collected on wet medium, with 4 mL of sterile phosphate buffered saline (PBS) added
to the collection cones before sampling. With the Coriolis® Compact, one air sampling
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was performed in the same eleven areas for 60 min, with an airflow rate of 50 L/min
(total of 3 m?). Air samples with Coriolis® Compact were collected on dry medium, with
4 mL of sterile PBS added to the collection cones after sampling. Both Coriolis® samplers
were placed side by side at 1.3 m height using a portable table, and the three consecutive
Coriolis® y samplings were performed simultaneously within the 60-min sampling periods
of the Coriolis® Compact.

Surface samples were collected on 10 cm x 10 cm surface areas (100 cm? area per
sampling) using sterile flocked plastic swabs previously wetted on PBS and immediately
placed in PBS (4 mL).

All samples were stored at 4 °C before being taken to the laboratory facilities, and
were processed within 8 h. Details about the characteristics of the air and surface samples
collected are summarized in Tables 2 and 3, respectively.

Table 3. Details of the surface samples’ collections for SARS-CoV-2 RNA detection in the Hospital.

Sample ID Hospital Area Collection Date Sample Location
Hand sanitizer
S1 .
dispenser
S2 COVID-19 testing 2 February 2021 Instruments’ counter
room
S3 Glove box
4 Wall of a COVID-19
testing booth
S5 Paper dispenser
S6 Faucet handle
57 . Non—resPl.ratory 2 February 2021 Vending machine
disease waiting room (buttons)
S8 Bathroom: flush
button
59 Bathroom: inside
doorknob
Bathroom: outside
510 doorknob
Statue (approx. 3m
S11 Hospital’s outside away from outside
outside entrance 11 February 2021 entrance)
S12 atrium ATM (buttons)
Fire extinguisher
s13 (approx. 3 m away
from outside
entrance)
S14 Soap dispenser
S15 Hospital ijaffls 11 February 2021 Faucet handle
cafeteria
516 Paper dispenser
517 Table sign on a table *

* Table sign: a sign with precautions to avoid contamination was placed on the table.

RNA extraction and detection of SARS-CoV-2

RNA extraction was performed using the GRS Viral DNA/RNA Purification Kit
(GRISP, Porto, Portugal) according to the manufacturer’s instructions. RNA extraction
was performed on 200 pL of sample suspensions as previously described [19]. A one-step
RT-qPCR reaction aimed at two viral gene targets (N1 and N2) using viral target-specific
primers and Tagman probe technology based on a previously described protocol [20] was
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used (Xpert qDetect COVID-19, GRISP, Porto, Portugal). For the CFX Real-Time PCR
(qPCR) Detection System (Bio-Rad, Hercules, CA, USA), the Bio-Rad CFX Maestro 1.0
Software version 4.0.2325.0418 was used to control the runs and remotely analyze the data.
Each RT-qPCR run included ssDNA targets for both N1 and N2 regions (positive controls)
and a no-template control. Reactions were set up and run with initial conditions of 15
min at 45 °C and 2 min at 95 °C, then 45 cycles of 95 °C for 15 sec and 55 °C for 30 sec.
A standard curve was constructed using the ssDNA targets for both N1 and N2 regions
in a 10-fold serial dilution mixture starting at 200,000 copies/pL, in order to quantify the
number of viral gene copies present in each sample from the measured Ct values; the limit
of detection (LOD) was 1.3 copies/puL for N1 and 3.2 copies/uL for N2. Air sample results
are expressed in copies/m3, and surface sample results in copies/cm?2.

3. Results

Of the 44 air samples collected in eleven different areas of the Hospital, only two (C1
and M1) were positive for SARS-CoV-2 RNA (Table 4). They were both from the same place,
the COVID-19 ICU, and were collected at the same time; C1 (viral loads of 6000 and 6575
copies/m? for N1 and N2 genes, respectively) was collected during 60 min sampling with
the Coriolis® Compact at an airflow rate of 50 L/min (total of 3 m?), while M1 (viral loads
of 6362.5 and 6662.5 copies/m? for N1 and N2 genes, respectively) was collected with the
Coriolis® p during the first 10 min of the Coriolis® Compact collection period, at an airflow
rate of 100 L/min (total of 1 m3). The two other Coriolis® 1 consecutive samples (M2 and
M3) collected within the 60-min time frame of the Coriolis® Compact (air flow rates of 200
L/min and 300 L/min, respectively) were both negative for SARS-CoV-2 RNA.

Table 4. Details of Hospital area, sampling location and viral genome copy numbers of the positive
air and surface samples.

Sample . . Copy Number Copy Number
D Hospital Area Sample Location (N1 Gene) (N2 Gene)
3
a C1 Air sampler placed approximately 1.3 m 6000 copies/m3 6575 copies/m3
E COVID-19 ICU above the floor and 2 m from intubated
2 patients beds, in the center of the room
< M1 6362.5 copies/m3  6662.5 copies/m?>
S4 COVID-19 testing Wall of a COVID-19 testing booth 200.6 copies/cm? No amplification
" room detected
]
e
g : No amplification
s S6 Non-respiratory Faucet handle 179.2 copies/cm? d d
g disease patients’ etecte
“g waiting room
@ No amplification
S8 Bathroom: flush button p 201.7 copies/cm?

detected

Of the 17 surface samples collected in four different areas of the Hospital, three were
positive for SARS-CoV-2 RNA, with viral loads of 200.6 copies/cm? (COVID-19 testing
room, wall of a testing booth), 179.2 copies/cm? (non-respiratory disease waiting room,
faucet handle), and 201.7 copies/cm? (non-respiratory disease waiting room, bathroom’s
flush button). The three samples amplified only one of the two target genes (N1, N1 and
N2 respectively). Details on the Hospital area, sampling location and viral genome copy
numbers of the positive air and surface samples are summarized in Table 4.
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4. Discussion

The present study aimed to evaluate SARS-CoV-2 environmental contamination of
air and surfaces in a major Hospital in Portugal during the third wave of the COVID-
19 pandemic. Eleven different areas of the Hospital were selected to be assessed for air
contamination, including four COVID-19 and seven non-COVID-19 areas. SARS-CoV-2
RNA was only detected in the air of the COVID-19 ICU. The viral load of these air samples
collected with the Coriolis® Compact and Coriolis® pt ranged from 6000 to 6662.5 copies/m3.
Interestingly, only the first sample of Coriolis® p, collected during the first 10 min of the
60-min time frame of the Coriolis® Compact, was SARS-CoV-2 RNA positive. The two
other consecutive samplings of Coriolis® p performed within the 60-min time frame of the
Coriolis® Compact were negative for SARS-CoV-2 RNA in spite of a higher airflow rate (air
flow rates of 200 L/min and 300 L/min, respectively), suggesting a point contamination
which could be explained by the fact that, when the sampling period started, a patient had
just been intubated. This intubation can explain the presence of aerosols containing virus
during the first 10 min of Coriolis® 1, sampling and the negative results in the second and
third samples, considering that aerosols containing SARS-CoV-2 may have been removed
by the rooms’ ventilation system by the time the other two samplings took place.

In this study, we aimed to assess the performance and suitability of both air samplers
for SARS-CoV-2 air monitoring. The results of this study suggest that Coriolis® p and
Coriolis® Compact samplers seem robust for SARS-CoV-2 air sampling, as both were able
to detect SARS-CoV-2 RNA in the air of the COVID-19 ICU. However, longer collection
times are more likely to cover point contaminations, as was seen with the 60-min collection
with Coriolis® Compact. During this collection, three consecutive samplings of Coriolis® u
were performed, with only the first providing a positive air sample.

To assess contamination of surfaces, four different areas of the Hospital were selected,
one COVID-19 area and three non-COVID-19 areas. SARS-CoV-2 RNA was detected on
the wall of one of the testing booths (where patients wait for nasopharyngeal sample
collection), which was somewhat expected due to the fact that during sampling there
were possibly-infected individuals constantly coming in to collect nasopharyngeal samples
for testing, all of them reporting as symptomatic (presenting respiratory symptoms such
as coughing or sneezing). Moreover, this is the only room where patients remove their
masks, likely increasing the viral load in indoor air. Contamination in this room might
have happened through respiratory aerosols or droplets from the infected patients that
settled on the surfaces sampled, considering that neither the patients or healthcare staff
touch the walls in this area, ruling out the possibility of direct touch contamination in this
case. SARS-CoV-2 viral RNA was detected in the non-respiratory disease waiting room
as well. This was one of the non-COVID-19 areas sampled, and therefore the presence of
viral RNA was not expected. This was a positive pressure room, which ideally prevents
unfiltered air from outside the room from coming inside [21]. Nevertheless, viral RNA
was detected in two surface samples in this area, namely on a faucet handle located in the
middle of the waiting room and on the flush button of a bathroom in this area. As these are
frequently-touched surfaces, the most likely explanation for viral RNA presence is direct
touch contamination. Nonetheless, SARS-CoV-2 excretion in stools has been described,
and the flushing could generate contaminated aerosols that could ultimately deposit on
these surfaces [22,23]. These results highlight the importance of hand and general hygiene
in public toilets as well as the need for enhanced disinfection protocols in all areas of the
Hospital, not only those dedicated to COVID-19 patients.

Airborne transmission of SARS-CoV-2 is now widely accepted as a mode of trans-
mission of SARS-CoV-2 [2,4,8,12]. This route dominates under certain environmental
conditions, particularly indoor environments without proper ventilation [24-29], with a
recent study demonstrating that some fraction of the RNA-containing aerosols emitted
from infected people contain intact, replication-competent virions [30]. On the contrary, cur-
rent evidence suggests that transmission through contaminated surfaces is rare; however,
when it comes to healthcare settings where COVID-19 patients are being treated, espe-
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cially in ICUs, aerosol-generating medical procedures take place which could potentially
exacerbate the contamination of air and surfaces in the surrounding area [31]. To avoid
nosocomial infection of healthcare workers, non-COVID-19 patients, and visitors by these
virus-laden aerosols as well as to avoid contamination of medical equipment and surfaces,
it is imperative that hospital ventilation works properly [4].

COVID-19 patients that need to undergo intubation and extubation are usually placed
in negative-pressure isolation rooms, which is considered to be safer [32]. Negative-pressure
rooms have a ventilation system in which air flows from the exterior to the interior [21].
This keeps aerosolized viruses from spreading through the heating, ventilation, and air
conditioning system. Under these conditions, if an opening exists, air will flow from the
surrounding areas into the negatively pressurized space [4]. In the Hospital assessed in
this study, the COVID-19 ICU, which was the only negative room sampled, had twelve air
changes per hour (ACH), in compliance with the safety rules for these types of rooms [31].

Since the beginning of the pandemic, many articles have been published on detection
of SARS-CoV-2 in air samples [24,25,33-35]; however, some inherent problems with air
sampling for the detection of viruses have come up, such as the limited diversity of
monitored spaces (most studies are done in indoor healthcare facilities), limited number of
samples, diversity of methodologies (there is no gold-standard protocol for air sampling of
SARS-CoV-2 and other airborne viruses), not all studies performing both surface and air
sampling simultaneously, and lastly, the fact that most of these studies were performed
during the first wave when little was known about the virus, which could have led to errors
in methods and molecular analysis.

This study faced some limitations that are worth highlighting. This was an observa-
tional study at a single hospital, which means that the results may not be generalizable to
other healthcare facilities. Additionally, no assessment of virus viability was performed, as
no BSL3 facility was available to perform such experiments. As a result, the findings in this
study, although reflecting the real extent of environmental contamination with SARS-CoV-2
in the Hospital, do not necessarily amount to an infection risk assessment for air and
surfaces. Moreover, no surface sampling was performed in the COVID-19 ICU, and we do
not have individual data on patients, particularly those who occupied the COVID-19 ICU at
the time of sampling. Patients with severe infection influence the viral load in droplets and
exhaled aerosols; therefore, it is important that in future studies these individual patient
data are acquired in order to allow better interpretation of results. Nevertheless, this study
is an important addition to the growing literature on the detection of SARS-CoV-2 RNA in
air and on surfaces.

5. Conclusions

The present study showed SARS-CoV-2 hospital environmental contamination both
in air and on surfaces in locations where both COVID-19 and non-COVID-19 patients
were present. This reinforces the need to remain cautious at all times, not only when in
close contact with infected individuals. Hand hygiene and other standard transmission-
prevention guidelines should be continuously followed in order to avoid nosocomial
COVID-19. Further studies combining air and surface sampling with virus viability assays
are still needed to fully elucidate the real risk of air and environmental transmission in
healthcare facilities.
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Abstract: Shopping through Live-Streaming Shopping Apps (LSSAs) as an emerging consumption
phenomenon has increased dramatically in recent years, especially during the COVID-19 lockdown
period. However, insufficient studies have focused on the psychological processes undergone in
different customer demographics while shopping via LSSAs under pandemic conditions. This study
integrated the Unified Theory of Acceptance and Use of Technology 2 with Flow Theory into a
Stimulus-Organism-Response framework to investigate the psychological processes of different
customer demographics during the COVID-19 lockdown period. A total of 374 validated data were
analyzed by covariance-based structural equation modelling. The statistical results demonstrated by
the proposed model showed a significant discrepancy between different gender groups, in which
Flow, as a mediator, representing users” engagement and immersion in shopping via LSSAs, was
significantly moderated by gender where connection between stimulus components, hedonic motiva-
tion, trust and social influence and response component perceived value are concerned. This study
contributed a theoretical development and a practical framework to the explanation of the mental
processes of different customer demographics when using an innovative e-commerce technology.
Furthermore, the results can support the relevant stakeholders in e-commerce in their comprehensive
understanding of customers’ behavior, allowing better strategical and managerial development.

Keywords: COVID-19; customer behavior; psychological process; live-streaming shopping apps;
stimulus-organism-response framework; Unified Theory of Acceptance and Use of Technology 2;
Flow Theory; gender; age

1. Introduction

Live-streaming commerce, as a burgeoning e-commerce pattern with the unique fea-
tures of real-time live-streaming demonstration of products and instant interactions among
sellers and viewers, provides personalized services for customers remotely [1]. Meanwhile,
based on the broad application of telecommunication networks and extensive adoption
of mobile devices, live-streaming shopping apps (LSSAs) have provided an immersive
experience for viewers [2], which has formulated a new consumption phenomenon, namely,
shopping via LSSAs, especially in the Chinese e-commerce industry in recent years. Accord-
ing to a report from iiMedia (2020), live-streaming commerce industry transactions were
estimated to exceed 129 billion USD in 2020, up from 61 billion USD in 2019 [3]. In 2019, on
the Taobao e-commerce platform alone, over 60,000 live-streaming shows hosted by brands,
stores and celebrities attracted more than 400 million consumers [4]. Shopping via LSSAs
has established an entertainment environment for customers, facilitating a revolution in
commerce. Under the lockdown measures for the defence against COVID-19 transmission
especially, interaction and entertainment were in significant demand from individuals.
Despite several previous studies demonstrating that the adoption of LSSAs was influenced
by the motivations of participants [5,6], technology features [7] and human-computer
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interaction [2], few studies have focused on the customer’s psychological processes when
subject to the moderating effects of age and gender in a particular environment. LSSAs
are mobile entertainment and commerce applications, and their adoption should take the
moderating effects of age and gender into consideration [8].

Consequently, the objective of the current study is to investigate the psychological
processes of customers of different ages and genders when shopping via LSSAs during
the COVID-19 pandemic lockdown situation. The proposed model embeds the revised
Unified Theory of Acceptance and Use of Technology 2 (UTAUT2) as a stimulus, along
with Flow Theory as an organism, into the stimulus-organism-response (SOR) framework.
In this way, the SOR framework, as the main structural foundation of the research model,
explains that customers’ behavioral psychological processes are determined by external
antecedents as well as internal cognitions [9-12]. UTAUT?2, as a theoretical framework, has
coordinated consumer-oriented perceptions to predict users” behavioral intentions [13],
which is legitimately considered a perceptive process in the explanation of customers’
perceptions of LSSAs and the constitution of stimulus components. Flow Theory supports
organisms theoretically by representing participants’ concentration and engagement in
shopping activities via LSSAs [14]. These theoretical frameworks are initially integrated
and verified in this study, supporting relevant researchers and stakeholders in order to
better understand the behaviors of customers.

The current study comprises eight sections, investigating the psychological processes
of customers shopping via LSSAs under pandemic lockdown conditions. Section 2 consists
of a literature review regarding the subject of shopping via LSSAs, as well as relevant
theoretical frameworks. This section is followed by the research model and hypotheses
development, which are presented in Section 3. Section 4 illustrates the method of data
collection and the demographic distribution of data. Subsequently, Section 5 presents
the results of the data analysis. Section 6 discusses the findings of these results, while
Section 7 illustrates their theoretical and practical implications. Finally, limitations and
recommendations for future research and conclusion are outlined in Section 8.

2. Theoretical Background
2.1. Live-Streaming Shopping Apps (LSSAs)

The current LSSAs comprise e-commerce functions that are integrated into live-
streaming platforms with simultaneous and authentic consumption interactions between
vendors and customers [5,6]. Shopping via LSSAs can be divided into two patterns. The
first of these patterns is consumption activities on mobile e-commerce apps with extensional
live-streaming functions, such as Taobao and AliExpress, while the second is shopping via
LSSAs through a third-party e-commerce service, such as Tiktok and LiveMe [6]. Shopping
via LSSAs has become a thriving new consumption phenomenon. Off-line consumption
activities were restricted, especially under lockdown conditions during the COVID-19
pandemic; shopping via LSSAs supported customers’ daily supply and demand require-
ments and provided a relaxation pattern during the quarantine time, formulating a positive
perception among users. Cai et al. (2018) claimed that customers’ decisions to shop via live-
streaming are not only influenced by utilitarian perceptions of service and production but
are also determined by hedonic motivation [5]. According to the entertainment feature of
live-streaming, viewers’ engagement and gratification significantly affected their shopping
activities [15]. Based on LSSA’s facilitation of conspicuous human-machine interaction,
this affordance of LSSAs and customers” engagement conjointly determine the number of
customers purchasing via LSSAs [2].

Meanwhile, previous studies have found that customers’ endorsement of, and behav-
ioral responses to LSSAs were observably determined by their intrinsic and extrinsic moti-
vations, social influence, entertainment, perceived flow and emotional engagement [16-18].
Accordingly, customers’ mental perceptions, such as trust and perceived value, have sig-
nificantly influenced their engagement with live-streaming commerce [1]. Moreover, the
simultaneity, authenticity, interactivity and customizability characteristics of LSSAs signifi-
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cantly formulate customers’ perceptions of this technology, affecting their behavior [7,19].
However, prior literature has insufficiently investigated customers’ psychological processes
while shopping via LSSAs under specific conditions. Moreover, the moderating effects of
age and gender might lead to different results in different market segmentations [20]. Thus,
it is meritorious to clarify the role of age and gender in moderating customers’ mental
processes while shopping via LSSAs in the pandemic lockdown situation.

2.2. Stimulus-Organism-Response (SOR) Framework

7

The SOR framework demonstrates that external antecedents influence customers
psychological processing, first as a perceptive stimulus, affecting their cognitive and
emotional reflections, then as an organism, contributing towards formulating their mental
or behavioral traits, and finally as a response, such as an attitude, adoption intention
or actual usage [21]. The SOR framework has been modified with external variables to
analyze in a qualified way the connections between the stimulus (environmental input),
the organism (mental process) and the response (behavioral outputs), in order to explain
users’ behaviors in various business analysis studies [11,22] as well as works of literature
on the adoption of innovative technology [10,12,23], which are demonstrated in Table 1. In
their investigation of users’ visiting intentions in virtual reality tourism, Kim, Lee and Jung
(2020) designated customers’ actual experiences as stimuli, their cognition and affection
(including enjoyment, emotional involvement and flow) as organisms and their attachment
and intention as responses [12]. Zhao, Wang and Sun (2020) proposed that stimuli include
interactivity, media richness and sociability, and assumed that virtual experience as an
organism would include telepresence, social presence and flow, which in turn determined
students’ continuing intentions regarding the use of massive open online courses [23].
Moreover, the SOR framework has been applied in an investigation of customers’ online
shopping intentions, which were significantly influenced by their attitude, which was in
turn affected by their internal and external environment [9]. However, compared with
traditional online shopping, streaming service quality and promotion campaigns played
more significant roles in formulating customers’ purchase intentions via mobile shopping
apps [22].

Furthermore, the moderating effects of age and gender have rarely been examined
in the SOR framework. There have been a few previous studies partially involving the
moderators in the SOR model, but their results were presented inconsistently. Wu and Li
(2018) found that gender had a significant moderating effect on customers’ loyalty in online
social commerce [11], against the findings of Islam and Rahman (2017) [24]. Therefore, this
study uses the SOR framework as a theoretical foundation to create a research model.
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Table 1. Literature review of the SOR framework.

Studies Topic Stimulus Organism Response
Ubiquity;
Ease of use; Impulsive buying
[22] Mobile shopping Information exchange; tendency;Normative evaluation; Purchase intention
Discounted price; Positive affect
Scarcity

Structural capital;

Cognitive capital;

Relational capital;
Social identification;

[11] Social commerce o i Consumer value Consumer loyalty
Social influence;
Social commerce needs;
Social commerce risk;
Social commerce
convivence;
Usefulness; Satisfaction:
[10] Mobile payment Emotion; Flow atis a.c 1on,.
Security Purchase intention
Enjoyment,
[12] Virtual reality tourism Actual experiences Emotional involvement, At.talchmept,
Flow Visit intention
L Virtual Experience;
. Interactivity; b .
[23] Massive open Media rich: ; Telepresence; Continuance intention
online courses edia rchness; Social presence;
Sociability flow

2.3. Unified Theory of Acceptance and Use of Technology 2 (UTAUT2)

UTAUT2 was developed by Venkatesh, Thong and Xu (2012). As an extension of
the UTAUT model, UTAUT?2 predicts users’ technological perceptions, determining their
intention regarding the adoption of a particular technology [13]. Several researchers have
modified UTAUT2 in miscellaneous mobile-technology-adoption studies by extending
it with additional variables or moderators, for example, trust [25,26], privacy [27] and
Hofstede’s cultural values [28,29]. Some studies have incorporated UTAUT2 into other the-
oretical frameworks, such as diffusion of innovation [30] and the expectation-confirmation
model [31,32], in investigating customers” behaviors while using mobile technology. Fur-
thermore, UTAUT?2 involves the use of age, gender and experience as moderators to explain
individual differences in adoption intention [13]. Moreover, UTAUT2 was applied to the
adoption of mobile shopping applications by Tak and Panwar (2017), who found that
hedonic motivation was the most significant antecedent, which corresponds with the recog-
nition of the current study that LSSAs are entertaining mobile shopping applications [33].
Therefore, UTAUT?2 is considered the appropriate theoretical foundation for investigating

users’ perceptions as a stimulus in the proposed model.

2.4. Flow Theory

Flow Theory was initially proposed by Csikszentmihalyi (1975) as a way to predict
individuals’ mental engagement in a certain activity [14]. Subsequently, Flow Theory’s
applicability has been extended into the human-computer interaction domain to describe
users’ absorption in technology [34]. Specifically, flow represents users” holistic, immer-
sive consciousness when they concentrate entirely on a particular activity or technology;
their involvement will be self-reinforced by constitutional enjoyment and engaging inter-
activity, and, in turn, their self-consciousness will become indistinct in order to ignore
irrelevant interruptions [35]. Flow has been applied as a mediator in various technology
adoption studies to describe customers’ cognition and engagement for predicting users’
adoption intention [10,36,37], especially in the fields of entertaining technologies, such as
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live-streaming [16] and mobile shopping [38]. Flow is significantly influenced by users’
technological perceptions [37,39], as well as mental determinants such as emotion [10],
trust [38] and enjoyment [16]. Meanwhile, the combination of Flow Theory with other
frameworks, such as the Information Systems Success Model [37,38] and the Stimulus-
Organism-Response framework [10], also reasonably illustrated users” adoption intention.
Thus, Flow Theory is considered a theoretical foundation for the representation of users’
shopping engagement via LSSAs during the pandemic lockdown period, acting as the
organism in the proposed model.

2.5. Moderating Effects of Age and Gender

According to the current research objectives, age and gender are proposed as moder-
ating variables involved in the analysis process. Venkatesh, Thong and Xu (2012) initially
confirmed that age and gender have moderating effects on the UTAUT2 constructs affecting
users’” adoption intention [13]. Moreover, other works of literature have integrated age
and gender as moderators within various frameworks (UTAUT, Technology Acceptance
Model (TAM), Diffusion of Innovation (DOI) Theory) and have confirmed that age and
gender significantly moderate constructs in different contexts [20,40-44]. However, based
on the differences in research objectives, sample targets and involved variables in various
scenarios, the moderating effects of age and gender have been diverse in different literature.
Venkatesh and Zhang (2010) validated the idea that performance expectancy in the behav-
ioral intention of information technology was significantly moderated by younger male
users, and effort expectancy was strongly moderated by older female customers [40], which
is contrary to the findings of Riskinanto, Kelana and Hilmawan (2017), who claimed that
stated age had insignificant effects on perceived usefulness and ease of use regarding the
intention of adoption of E-payment technology [43]. On the other hand, Liébana-Cabanillas,
Sanchez-Fernandez and Mufioz-Leiva (2014) complementarily illustrated that social influ-
ence bore a strong influence on users above 35 years old, and that trust was more affected
by younger groups in the adoption of mobile payments [41]. Moreover, Shao et al. (2018)
claimed that males had a stronger moderating effect on mobility and reputation in the
trust-formation process of mobile payments, while females moderated customization and
security of trust more [44]. Likewise, Pascual-Miguel, Agudo-Peregrina and Chaparro-
Pelaez (2015) found that the moderating effects of female customers on effort expectancy
and social influence were significantly stronger than male customers on online purchase
intention [45]. In order to analyse the moderating effects of age and gender on all constructs
in the proposed research model, a multi-group analysis is applied in this research, which is
widely applied in previous studies for multi-group comparisons [20,44,45].

3. Development of Research Model and Hypotheses

Based on the previous literature reviews, the integration of the SOR framework with
UTAUT?2 and Flow Theory is considered a theoretical foundation on which to propose a
comprehensive model for the investigation. Specifically, according to previous paradigms
of the SOR framework application, this research extends the SOR framework by integrating
variables from the revised UTAUT2 model, which are proposed as stimulus components,
roused by technological perceptions of LSSAs during the pandemic lockdown period
(performance expectancy, effort expectance) [22,24], namely, social influence [11], hedonic
motivation [12] and trust [12]. These variables reflect users’ external and internal percep-
tions towards inciting their further psychological cognition. On the other hand, due to the
popularization of smartphones, proficiency in using various mobile applications and the
absence of monetary cost in the operation of LSSAs, original variables such as facilitating
conditions, habit and price value are excluded from the UTAUT2 model, which is in accor-
dance with previous findings [25,26,28,31,32]. Flow Theory provides theoretical support
to the reflection of customers” mental, cognitive and affective intermediary states during
shopping via LSSAs in the COVID-19 pandemic lockdown period, which it is appropriate
to consider as an organism in the SOR framework [10,12,23]. Moreover, this study proposes
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that perceived value and adoption intention reflects customers’ psychological reactions and
behaviors, constituting the response elements of the SOR framework [10,12]. In addition,
age and gender are considered moderators of the theoretical model comparing the different
effects of antecedents on customers’ adoption intention regarding LSSAs in each subgroup.
The proposed research model is generalized and presented in Figure 1 with the relevant
hypotheses relations.

Stimulus

I|:> Organism I|:> Response

1 {(PE=Performance Expectancy; EE=Effort Expectancy; 5I=5ocial Influence;

i
|+ HM=Hedonic Motivation; TR=Trust; FL=Flow; PV=Perceived Value; Bl=
it
i _Behavioural Intention)

O |

Figure 1. Proposed research model.

3.1. Stimulus Components: Variables from the Revised UTAUT2 Model

Performance expectancy (PE), as a technological perception, represents the perceived
usefulness of a certain technology in the eyes of a user, and its potential to optimize their
experience of a specific technology or to reinforce their performance in particular activi-
ties [13]. Moreover, the technological features which users perceive, such as compatibility,
service quality, information quality and system quality, can be generalized as perceived
usability of technology, represented as PE [37,46,47]. Related to technology adoption, PE
significantly formulates users’ mental responses, such as attitude, adoption intention and
continued usage intention, which are confirmed by prior literature [30,48,49]. Accordingly,
customers’ psychological cognitions are formulated by their perceptions of satisfying us-
ability, which indicates that PE significantly influences customers’ perceived flow when
they intend to adopt new technology [10,39]. Therefore, the hypothesis can be generalized
as follows:

Hypothesis 1 (H1). Customers’ performance expectancy (PE) as a stimulus positively determines
the organism flow (FL) when shopping via LSSAs during the pandemic lockdown period.
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Effort expectancy (EE), as a technological perception, expresses the idea that users
acquire feelings of easiness from understanding, operating and interacting with a specific
information technology [13]. A variety of literature has verified EE’s considerable effect on
customers’ attitude and behavioral intention in technology adoption research [43,47,48].
Consequently, customers’ engagement and flow experience are formulated by under-
standability, operability and intractability [36,39]. Moreover, the influence of EE has been
confirmed by Kim et al. (2013) as not only affecting flow but also performance expectancy
when users adopt entertainment technology [39]. When customers recognize that a tech-
nology is easy to access, they will tend to confirm its usability. This phenomenon has been
validated in various technology adoption works of literature, such as live-streaming [19],
mobile banking [26,46,49] and mobile payment [41,47]. Thus, the hypotheses related to EE
are proposed as follows:

Hypothesis 2 (H2). Customers’ effort expectancy (EE) as a stimulus positively determines the
organism flow (FL) when shopping via LSSAs during the pandemic lockdown period.

Hypothesis 3 (H3). Customers’ effort expectancy (EE) as a stimulus positively determines
performance expectancy (PE) when shopping via LSSAs during the pandemic lockdown period.

Social influence (SI), as an environmental perception, represents customers perceiv-
ing an influence from people particularly relevant to them, such as close friends, family
members and colleagues, who recommend and support them in using a certain technol-
ogy [13]. Customers” anxiety is derived from the uncertainty of new technology, which
can be decreased by the influence of their close social network [25]. Various technology
adoption studies have involved SI in theoretical frameworks and have confirmed SI as
an essential antecedent in determining customers” attitudes and behaviors [27,29,42,50].
Moreover, Chen and Lin (2018) claimed that the effect of SI was to dramatically formulate
users’ mental awareness of engagement when using live-streaming [16]. Accordingly,
interacting with relevant people on a specific information technology can facilitate users’
flow experience [23]. Hence, the current study proposes that users’ flow experience of
LSSAs is positively determined by SI, which formulated the following hypothesis:

Hypothesis 4 (H4). Social influence (S1) as a stimulus positively determines the organism flow
(FL) when shopping via LSSAs during the pandemic lockdown period.

Hedonic motivation (HM) was initially adapted in UTAUT2 by Venkatesh, Thong
and Xu (2012), which is defined as the internal emotional perception of enjoyment and
pleasure descend from a user’s expectation or experience of a certain information tech-
nology [13]. The directly positive effect of HM on adoption intention has been confirmed
by prior researchers who applied UTAUT2 on mobile technology adoption, e.g., mobile
payment [27] and mobile banking [26,28]. Meanwhile, HM has been recognised as an
antecedent which also has a significant indirect effect on customers’ behavioral intention.
Yeo, Goh and Rezaei (2017) claimed that HM formulated attitude via convenience motiva-
tion and post-usage usefulness when customers adopt online food delivery services [51].
Likewise, engagement, as the main characteristic of users’ flow experience, is formulated
by enjoyment, curiosity and concentration [52,53].

Consequently, Wongkitrungrueng and Assarut (2018) validated HM directly and
indirectly (through trust), formulating users” engagement in live-streaming commerce [1].
Furthermore, Chen and Lin (2018) illustrated that live-streaming’s entertainment features
formulated viewers” HM, which positively determined their mental perception of value,
which in turn affected their final behavioral intention [16]. Thus, the current study assumes
that HM positively affects customers’ engagement and affection in Hypothesis 5.

Hypothesis 5 (H5). Customers” hedonic motivation (HM) as a stimulus positively determines the
organism flow (FL) when shopping via LSSAs during the pandemic lockdown period.
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Gefen (2000) defined trust (TR) as describing users’ subjective awareness of believing
a particular technology can fulfil obligations and positively guarantee a qualified perfor-
mance to meet their expectations [54]. Specifically, under the lockdown measures of the
COVID-19 pandemic, trust reflected users’ perceptions of technological characteristics such
as mobility, security, etc., which correspond with perceived security against perceived
risk and uncertainty conditions [44]. LSSAs’ contactless online consumption functions, a
beneficial feature in the lockdown situation during the COVID-19 pandemic, formulated
customers’ perceived trust and positively influenced enjoyable and practical cognitions [42].
Accordingly, trust as an essential variable in the investigation of users’ behavioral intention
has been integrated into various adoption models, such as UTAUT2 [25], TAM [46] and
the IS success model [37]. Moreover, from the participation aspect, the interaction between
customers and vendors on live-streaming commerce platforms facilitated users’ perceived
trust in sellers and products, which in turn optimized engagement [1]. Therefore, this paper
proposes that trust formulates users” engagement and cognitive acceptance, positively
influencing flow [37,38]. Meanwhile, as an antecedent of users’ utilitarian perceptions,
trust positively facilitates customers’ performance expectancy stimulus [26,46]. Hence, the
following hypotheses are addressed:

Hypothesis 6 (H6). Trust (TR) as a stimulus positively determines the organism flow (FL) when
shopping via LSSAs during the pandemic lockdown period.

Hypothesis 7 (H7). Trust (TR) as a stimulus positively determines performance expectancy (PE)
when shopping via LSSAs during the pandemic lockdown period.

3.2. Organism Component: Flow (FL)

Csikszentmihalyi (1975) defined flow as an individual’s feeling of intrinsic absorption
in a particular activity or technology [14]. Flow experience of technology was described as
users’ temporary unawareness caused by their internal enjoyment of, pleasure in and en-
gagement and interaction with a certain technology [16,38]. Moreover, lockdown measures
provided an appropriate environment for the enhancement of an individual’s immersive
shopping experience via LSSAs at home. Various technology adoption studies have val-
idated the idea that flow is significantly formulated by users’ technological perceptions
regarding their behavioral intention of adoption or continued usage [18,37,38]. Conse-
quently, flow is in accordance with the conception of an organism, which is assumed as a
mediator connecting technological and environmental stimuli and responses in shopping
via LSSAs.

Flow has been examined by previous researchers as also having an indirect effect
on users’ final responses, such as adoption intention, actual usage and continuance in-
tention, via users” mental reflection variables, such as perceived value, satisfaction and
attitude [16,39,55]. Meanwhile, the effects of flow and mental reflections has been validated
as a way in which to determine customers’ behavioral intentions conjointly in various
pieces of literature [10,37,38]. Chen and Lin (2018) claimed that flow positively affected per-
ceived value regarding the formulation of customers’ intention to use live-streaming [16].
Therefore, the following hypotheses are proposed:

Hypothesis 8 (H8). Customers’ flow (FL) as an organism positively determines the response
perceived value (PV) when shopping via LSSAs during the pandemic lockdown period.

Hypothesis 9 (H9). Customers’ flow (FL) as an organism positively determines the response
behavioral intention (BI) when shopping via LSSAs during the pandemic lockdown period.

3.3. Response Components: Perceived Value (PV) and Behavioral Intention (BI)

Perceived value (PV), as defined by Zeithaml (1988), represents customers’ universal
assessments of a service or technology. PV is determined by users’ perceptions of acquisi-
tion and investment [56]. Sweeney and Soutar (2001) extended the dimensions of perceived
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value, including quality and price of production, customers” emotional responses and
social influence [57]. Meanwhile, Petrick (2002) modified behavioral price, monetary price,
emotional response, quality and reputation, all of which emerged as other dimensions of
PV [58]. PV also represents customers’ perceived multi-dimensional benefits, including
those from utilitarian, hedonic and social perspectives [50,59]. Specifically, in this study;,
perceived value represents the customers’ general mental responses to shopping via LSSAs
during the COVID-19 pandemic lockdown period. Perceived value has been assumed
as a cognitive variable in various adoption models, such as the Expectation Confirma-
tion Model [36], the Value-based Adoption Model [60] and the Mobile user Engagement
Model [59], which positively determines customers’ behaviors. On the other hand, Chen
and Lin (2018) confirmed that perceived value, as a conative factor, was determined by flow
and, in turn, formulated users’ behaviors [16]. Therefore, this study proposes that perceived
value, which, in a customer, would be a conational response, constitutes one component
amongst a variety of responses, which is demonstrated in the following hypothesis:

Hypothesis 10 (H10). Customers’ perceived value (PV) positively determines behavioral intention
(BI) when shopping via LSSAs during the pandemic lockdown period.

3.4. Moderation Hypotheses

Gender and age moderators were incorporated within the UTAUT2 model to inves-
tigate information technology adoption [13]. Various studies involved gender and age
moderators in different adoption models, and validated gender and age as moderating
constructs in different scenarios respectively [13,20,40-45]. As shown in Figure 1, gender
and age moderators are assumed to be multi-group controls, which should optimize the
predictive validity of the proposed model in the explanation of any conflicting results [42].
Meanwhile, due to the way in which the proposed model was initially developed, the
moderation hypotheses are established by the exploratory approach in this study, which
was common in previous studies [42]. The moderating effect will be assessed by subgroup
analysis after the general model evaluation. Therefore, the following hypotheses are pro-
posed in investigation of the different moderating effects of age and gender on customers’
psychological processes experienced while shopping via LSSAs.

Hypothesis 11 (H11). Gender moderates the relations among all constructs of the proposed model.

Hypothesis 12 (H12). Age moderates the relations among all constructs of the proposed model.

4. Methodology and Data Demographic Distribution
4.1. Measurement

A quantitative methodology was applied in this study to evaluate the proposed model.
An online questionnaire survey was conducted to collect data in China, which comprised
two parts. The first part requested demographic information (consisting of gender, age
and frequency of using LSSAs during the COVID-19 pandemic lockdown period) of
participants, using dichotomous, bounded continuous and ordinal-polytomous close-ended
questions; the second part consisted of a seven-point Likert scale (from strongly disagree =
“1” to strongly agree = “7”), comprising structural questions which evaluated performance
expectancy (PE), effort expectancy (EE), social influence (SI), hedonic motivation (HM), trust
(TR), flow (FL), perceived value (PV) and behavioral intention (BI), with 34 measurement
items taken from previous literature, shown in Table Al in Appendix A.

The questionnaire was designed and managed in English, before being translated into
the Chinese language by language experts to avoid the biases of language and culture (the
target population of the survey was smartphone users in China). Afterwards, according to
the translation-back translation method, it was reverse-translated into the English language.
In order to minimize the non-response rate, a short introduction and respondent-friendly
survey questionnaire techniques were applied in the survey [61].
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4.2. Data Collection

The online questionnaire was designed via Wenjuan.com (a Chinese online survey
platform). According to the formulae from Westland (2010) and the numbers of 34 observed
indicators and eight latent variables in the proposed model, the recommended minimum
sample size for the model structure was 91 [62]. The questionnaires were distributed
online and via WeChat (a Chinese mobile social media application) on 9 August 2020 for
data collection. After four weeks of data collection, 400 empirical data were collected on
6 September 2020, of which 138 were derived from online responses and 262 via WeChat.
After filtering out the responses with missing values in a scrutinizing process, 374 valid
data were accepted for data analysis, which obtained a 93.5% final response rate. The
Kolmogorov-Smirnov test was applied to examine the early respondents’ group with
100 participants and the late respondents with 274 participants. This test confirmed no
statistical difference between the two independent groups [63]. Meanwhile, the Shapiro-
Wilk test of the demographic data, age, gender and frequency of those shopping via LSSAs
were 0.636, 0.862 and 0.918, respectively, and all showed a significant level of 0.000, which
indicated the data was non-normally distributed.

4.3. Data Demographic Characteristics

The data was collected online and via WeChat randomly, and the geographical distri-
bution of respondents consisted of 43.5%, 13.1% and 3.5% located in Henan, Guangdong
and Shandong provinces, respectively, which are the three largest Chinese provinces in
terms of population. This represented general smartphone users in China. 51.87% female
and 48.13% male smartphone users participated in the survey. The largest age group was
adults between 21 and 35, at 27.01%, while the age range of participants younger than
36 comprised 51.07%, with the group over 35 years old being 48.93%. These figures are
consistent with the QusetMobile report (2020) that users between 19 and 35 years old were
the leading group of shoppers via LSSAs in China [64]. Moreover, 24.06% of participants
used LSSAs at least once per week. More than 39% of respondents shopped via LSSAs
every week. Table 2 presents the specific demographic distribution of participants.

Table 2. Demographic distribution of participants.

Measure Item N %
Male 180 48.13%
Gender
Female 194 51.87%
<20 90 24.06%
21-35 101 27.01%
Age
36-50 96 25.67%
>51 87 23.26%
At least 1 time per 1 day 59 15.78%
At least 1 time per 1 week 90 24.06%
Frequency of using At least 1 time per 2 weeks 81 21.66%
LSSAs during the At 1t 1 h 14719
COVID-19 pandemic tleast 1 time per 1 mont] 55 71%
lockdown period At least 1 time per 3 months 41 10.96%
At least 1 time per 6 months 29 7.75%

Never used during the pandemic lockdown period 19 5.08%

5. Data Analysis

As the proposed model was generated based on a solid theoretical foundation, struc-
tural equation modelling is appropriate to operationalizing the hypothesized latent con-
structs and associated indicators for theory development [65]. Besides minimizing the
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difference between the observed and estimated covariance matrices, covariance-based struc-
tural equation modelling (CB-SEM) applies a maximum likelihood procedure to assess
correlations among all constructs and their interactive effects simultaneously [66,67]. Mean-
while, the proposed model in this study consists of mediating variables and moderators.
The CB-SEM approach is well suited to the assessment of models involving mediation and
moderating effects [65,67]. CB-SEM performs very accurately, with sum scores higher than
both PLS-SEM and regression in a small sample size [68]. Meanwhile, CB-SEM presents
more accurately than PLS-SEM for non-normally distributed data with a sample size over
50 [69]. CB-SEM provides optimal coefficient estimates and more accurate model analyses
in the evaluation of research models [70]. Moreover, the two-step approach, consisting
of the measurement model assessment and structural model evaluation [71], is applied
in this study. Specifically, the CB-SEM technique is conducted for confirmatory factor
analysis (CFA), to assess the convergent and discriminant validity for each construct in the
measurement model assessment, and to evaluate the path coefficient to test hypotheses
with a comparison of differences between age (<36 VS >35) and gender (Male VS Female)
sub-samples in the structural model evaluation by AMOS.

Before implementing the two-step approach, The Exploratory Factor Analysis (EFA)
was applied by SPSS to evaluate the dataset adequacy. The Kaiser criterion and scree plot
were applied in order to identify the number of underlying extractive factors. The Kaiser
test obtained an eight-factor solution with eigenvalues larger than 1, and the first inflexion
point was located at the 9th point in the scree plot. The results indicate that eight factors
can be extracted, which is aligned with the proposed model [72].

5.1. Measurement Model

Firstly, the reliability and validity of the measurement model was assessed by the fol-
lowing criteria: Construct reliability was confirmed by Cronbach’s alpha (CA). The CAs of
all constructs exceeded 0.70 [73], and convergent validity was validated by factor loadings
above 0.7 [74]; Composite Reliability (CR) exceeded 0.7; Average Variance Extracted (AVE)
exceeded 0.5 [75]; discriminant validity was qualified by the square root of AVE of each
latent construct exceeding any two pairs of its inter-construct correlation [75] and the AVE
was higher than the maximum shared squared variance (MSV) of each construct [66]. The
constructs” CA, CR, AVE, MSV, and factor loading of items results are presented in Table 3.

Table 4 displays the results of the square root of AVE, which are bigger than the correla-
tions of each latent construct. The values of the results reached the relevant recommended
threshold of each criterion. Therefore, the reliability and validity of the measurement
model were confirmed for further assessment.

Moreover, the model-fit of measurement model shown in Table 5 was validated by
the goodness-of-fit results meeting the standards of each index [70]. Namely, the ratio
of chi-square to degrees-of-freedom (X2/df < 3), comparative fit index (CFI > 0.9), the
goodness of fit index (GFI > 0.8) [76], adjusted goodness-of-fit index (AGFI > 0.8) [70],
normalized fit index (NFI > 0.9), Tucker-Lewis index (TLI > 0.9) and root mean square error
of approximation (RMSEA < 0.08) [77].

Furthermore, the potential common method bias of this study was evaluated by
Harman’s one-factor test and the fitness of a single-factor model. The result of Harman’s
one-factor test is 49.63%, which meets the criteria proposed by Podsakoff et al. (2003)
that the largest variance of one factor should be below 50% in order to confirm that a
single factor cannot explain the majority of the variance [78]. The fitness results of a
single-factor model are shown in Table 5, which illustrates the unqualified model fit of a
single-factor model.

Based on the previous assessments, the measurement model is eligible for further
structural model evaluation.
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Table 3. Latent constructs” CA, CR, AVE, MSV, and items’ factor loading.

Factors CA CR AVE MSV  Items Loadings
PE1 0.875
Performance expectancy (PE) 0.943 0.943 0.807 0.510 Fr2 e
PE3 0.905
PE4 0.899
EE1 0.896
EE2 0.874
Effort expectancy (EE) 0.935 0.932 0.820 0.326
EE3 0.916
EE4 0.858
SI1 0.896
SI2 0.904
Social influence (SI) 0.949 0.936 0.785 0.264
SI3 0.925
SI4 0.902
HM1 0.868
HM2 0.89
Hedonic motivation (HM) 0.946 0.949 0.822 0416 HM3 0.909
HM4 0.869
HM5 0.869
TR1 0.905
TR2 0.883
Trust (TR) 0.948 0.946 0.776 0.412 TR3 0.873
TR4 0.898
TR5 0.873
FL1 0911
FL2 0.923
Flow (FL) 0.965 0.948 0.786 0.446 FL3 0.930
FL4 0.910
FL5 0.927
PVl 0.882
pPv2 0.901
Perceived value (PV) 0.943 0.965 0.847 0.510
PV3 0.909
PV4 0.900
BI1 0.892
Behavioral Intention (BI) 0923 0923 0800 0394  BI2 0.892
BI3 0.899

(CA = Cronbach’s alpha; CR = Composite Reliability; AVE = Average Variance Extracted; MSV = maximum
shared squared variance).
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Table 4. Latent constructs’ square root of AVE and correlation.

PV PE EE SI HM TR FL BI

PV 0.898

PE 0.571 0.905

EE 0.514 0.416 0.886

SI 0.645 0.408 0.427 0.907
HM 0.642 0.422 0.463 0.551 0.881

TR 0.668 0.506 0.460 0.565 0.535 0.886

FL 0.714 0.523 0.470 0.599 0.592 0.635 0.920

BI 0.608 0.494 0.486 0.538 0.541 0.600 0.628 0.894

(Number in Bold: Latent constructs’ square root of AVE).

Table 5. The Model-fit of each model.

X2/df  CFI GFI AGFI NFI TLI RMSEA

Recommend Value <3 >0.9 >0.8 >0.8 >0.9 >0.9 <0.08
Single-Factor Model 12471 0526 0398 0360 0.505 0.525 0.175
Measurement Model 1.166 0994 0918 0902 0.959 0.993 0.021

Original Structural Model 1477 0982 0.899 0.882 0.947 0.980 0.036
Model with Age Subgroups 1433 0968 0.825 0.796 0902 0.965 0.034
Model with Gender Subgroups 1.371 0972 0.829 0.801 0.906 0.970 0.032

5.2. Structural Model

According to the research objectives and proposed hypotheses, the structural equation
model was created by AMOS and developed into two versions with age and gender
subgroups, respectively.

Firstly, the model-fits of structural models (including the original structural model
and two structural models with age and gender subgroups) were assessed consistently as
the previous evaluation process of model-fit of the measurement model. The results met all
thresholds of goodness-of-fit as presented in Table 5, which demonstrates that all structural
m