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Abstract: On 11 March 2020, the World Health Organisation (WHO) classified the COVID-19 outbreak
as a global pandemic and, in consequence, many countries took steps to prevent the importation
and subsequent local transmission of the SARS-CoV-2 virus, resulting in restrictions on economic
activity, transport, travel, and daily mobility. Although the COVID-19 pandemic and its impact on
daily mobility have been widely addressed in the literature, there is a limited number of studies
that indicate to what extent these changes have become permanent. The purpose of this study was
to determine the nature and scale of the impact of the COVID-19 pandemic on the local transport
system of a large city in Poland (L6dz) and, above all, to identify the permanence of this impact.
To accomplish these objectives, a questionnaire survey was conducted using the computer-assisted
telephone interviewing (CATI) technique on a sample of 500 residents, which included questions
on daily mobility in the period before (autumn 2019) and after (autumn 2022) the pandemic. In
addition, the results of the questionnaire survey were juxtaposed with data from intelligent transport
systems (ITS) (data from 20 induction loops, and data on the number of tickets validated in public
transport vehicles). Not only did the pandemic change the frequency of spatial motivations, but
it also affected trip durations and preferred modes of transport. The most unfavourable changes
concern the modal division and the increase in the use of private transport at the expense of public
transport. Understanding the durability of the impact of the pandemic on changes in the spatial
mobility of the population may help to develop transport policies and increase the resilience of
transport systems to possible future pandemics.

Keywords: transport behaviour; urban transport system; pandemic; computer-assisted telephone
interviewing (CATI); intelligent transport systems (ITS); £.6dz

1. Introduction

On 11 March 2020, the WHO classified the COVID-19 outbreak as a global pandemic [1].
In consequence, many countries took steps to prevent the importation and subsequent local
transmission of the SARS-CoV-2 virus [2], resulting in restrictions on economic activity,
transport, travel, and daily mobility [3-6]. Severe restrictions, including stay-at-home
policies, remote operation of schools, public institutions, and workplaces, cancellations
of mass events and public gatherings, and passenger limits on public transport, affected
approximately 90% of the global population, contributing to an overall reduction in mobility
on an unprecedented scale [7,8]. The introduction of non-pharmaceutical icountermeasures
to reduce the spread of the coronavirus affected population mobility, especially regularly-
taken journeys [4,9,10]. During the initial period of the first pandemic wave in Europe,
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passenger traffic fell by as much as 90% [7]. The highest drop was recorded for public
transport, with demand “evaporating” and transport operators reducing services [11]. This
was due to the fact that public transport was perceived as far less safe than it had been
before the pandemic [12], due to the possible high risk of virus transmission on buses,
trams, trains, and underground [13]. As proven by Przybylowski et al. [4], the pandemic
had a huge impact on changes in mobility patterns, with the popularity of shared means of
mobility declining in favour of private modes of transport. Pandemic-related changes in
the modal split were also recognised by De Haas et al. [14], Beck and Hensher [15], and
Jenelius and Cebecauer [11], whose analyses revealed that there was an increase in the use
of cars and non-motorised modes of transport (cycling, walking) at the expense of public
transport, which was particularly noticeable when considering daily mobility.

Although the COVID-19 pandemic and its impact on daily mobility have been widely
addressed in the literature [16,17], there are limited studies that indicate to what extent
the changes in mobility have become permanent. Hence, the purpose of this study was to
determine the nature and scale of the impact of the pandemic on the local transport system
of a large city in Poland (L6dz) and, above all, to identify the constancy of this impact. The
constancy of the temporal changes in travel behaviour caused by the coronavirus [18,19]
is relevant when we consider the goal of implementing guidelines for sustainable urban
transport. Another aspect for key stakeholders in the transport sector is a transport policy
that addresses inefficiencies in controlling transport demand and supply [20].

A global pandemic with such far-reaching consequences on people’s lives is a rare
occurrence [21]. This—together with the fact that researchers have had the opportunity
to employ state-of-the-art information technology [22] (e.g., intelligent transport systems
data) [23] for the first time to observe the effects of the global pandemic, and the measures
taken on transport—means the research conducted can be considered innovative. We
not only utilised data obtained from ITS in our research, but also from the surveys we
conducted. This was to understand not only changes in the number of vehicles on the
road network, but also the reasons for these changes and their characteristics in relation
to motivation, frequencies, and journey length. Overall, it appears that post-pandemic
mobility varies dependent on region. Whether the changes in travel patterns that have
occurred due to the pandemic will continue post-pandemic warrants further investigation.

The research is also substantiated by the period over which the threat occurred (here:
nearly four years), which enables the researchers to examine the changes when compared
to periods of “normal” conditions. It is equally important, however, to determine whether
the changes in the transport behaviour of the population (at least on a local scale) are
likely to end with the cessation of the threat, or whether they are permanent enough that a
substantial alteration to the public transport services provided is necessary. The results yield
a broad diagnostic base, enabling the authors to provide a number of recommendations,
including management of sustainable urban mobility. The relevance of the results presented
herein for the development of social sciences, socio-economic geography, and spatial
economics must not be underestimated either, as there will surely be other events in the
future that will threaten people’s health and lives, thus affecting transport behaviour.
The results of this study, therefore, can contribute to a better understanding of changes
in the transport behaviour of the population under health-affecting and life-threatening
circumstances. An innovative approach to such a defined research problem may result from:
an innovative context (constant relevance of the problem), interdisciplinarity (research
conducted at the interface of several scientific disciplines), the use of new research methods
(e.g., big data analysis), a long-term perspective of the application of the obtained results
(in the event of any factors limiting mobility), adaptability (the study takes into account the
adaptability of the transport system), and potential practical implications.

2. The Impact of the Pandemic on Urban Transport Behaviour and Mobility

Transport mobility is an activity undertaken by residents to meet their transport
needs [24,25]. Analysis of the transport behaviour of residents in cities has been the subject
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of a number of academic studies, where the authors have primarily attempted to identify its
contributing factors [26-30]. The spatial-temporal data that predicts population movement
is gaining increasing attention among researchers [31].

A new train of thought in this regard emerged in 2019, when the COVID-19 outbreak
caused a huge change in the behaviour and mobility of citizens across the globe [3,32].
This change mainly stemmed from the strict measures taken by governments to ensure
people remained isolated and kept social distance. In addition to these restrictions, changes
in mobility were compounded by fear of contracting the virus or infecting others when
travelling and sharing common space. Even though the combined safety measures and
restrictions that were adopted in different countries varied, thus affecting people’s lives
in slightly different ways, they still produced similar changes in behaviour [11,14,33-37].
Severe restrictions, including stay-at-home policies, the remote operation of schools, public
institutions, and workplaces, cancellations of mass events and public gatherings, and
passenger limits on public transport, affected approximately 90% of the global population,
contributing to an overall reduction in mobility on an unprecedented scale [7,8]. Commut-
ing rates fell, and public transport operators sharply decreased their frequency/routes [11].
There was also an increase in the use of cars and non-motorised modes of transport,
ie., cycling, at the expense of public transport, especially for daily mobility, including
shopping trips [14,15], with the increase in online grocery shopping certainly being of
particular impact [6]. The largest decrease in the number of trips taken was for those related
to leisure [38].

Research from the early stages of the pandemic shows significant differences in psy-
chosocial health between countries. It is well known that younger age groups had greater
problems with mental health, loneliness and, therefore, quality of life than older age groups.
Other features that affected the deterioration of psychosocial health during this period
were: gender, marital status, level of education, status on the job market, and geographical
factors (whether a person resides in a rural or urban setting) [39]. Research carried out over
a similar period in Italy shows the fear of illness during the pandemic fully mediates the re-
lationship between negative affect and spiritual well-being and flourishing; moreover, this
fear partially mediates the relationship between negative affect and post-traumatic stress
disorder (PTSD) symptoms [40]. Psychosocial well-being was also studied among parents
and children, and the results of this research testify, inter alia, to the fact that pandemics
can have serious psychosocial consequences for parents of children, with this population
having experienced more psychosocial problems than adults without children [41]. It is
difficult to clearly assess to what extent psychosocial changes in the face of the pandemic
have influenced, and will influence, the mobility of residents. This depends on many
variables, including the effectiveness of plans to mitigate the psychosocial consequences of
COVID-19 [42]. However, the pandemic seems to have left its mark on the use of public
transport. Yap et al. [43] showed the increasing role of crowding in public transport and its
impact on the assessment of its functioning.

A number of studies have clearly shown that there was a markedly lower propensity
to travel during the pandemic, which affected public transport in particular [44]. The
restrictions and fear of contracting the virus on mass transit meant people more frequently
opted to use their own car for regular journeys [45], while the modal share of cycling
also increased [34]. The reduced access to public transport particularly affected people
with disabilities, however [46]. Trips taken to access public amenities or reach commercial
facilities were significantly reduced [47], as were commuting to work and school [15,48],
trips to visit friends and family, or to go to church or seek medical advice [49-51]. The results
of studies on mobility conducted in a number of countries explicitly indicated correlations
between the restrictions imposed and changes in transport behaviour during the COVID-19
pandemic. These restrictions on mobility did, however, lead to a significant drop in the
number of new cases [2,52-54]. Studies that have addressed the issue of how changes
in spatial mobility affected the spread of the COVID-19 pandemic [55] have also shown
that public transport was a key factor in the spread of the pandemic. Researchers also
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investigated how the pandemic and the accompanying nationwide and local restrictions
reduced demand for public transport, thereby limiting mobility in cities [56,57].

The analysis of the comprehensive review of the literature on the COVID-19 pandemic
performed by Shortall et al. [58] reveals the need for research on the permanence of its
social and economic effects. Therefore, the authors of the research presented herein address
the question of which transport behaviour that emerged during the pandemic has been
perpetuated. The analyses and results presented both aim to identify the changes in
the transport behaviour of the population during the pandemic (their nature and the
magnitude of impact on the local transport system) in a selected large city in Poland (L6dz),
and to determine the permanence of these changes, which is vital for planning technical
infrastructure and managing the various modes of transport. This approach was intended
to gauge whether the post-pandemic reality had permanently changed transport behaviour
(as indicated by observations related to the limitation of mobility and changes in the means
of transport used for its implementation), or whether the pandemic period was a temporary
influence on the functioning of the transport system, before returning to the state observed
before the pandemic.

During (and also after) the pandemic, a drop in demand for public transport was
inevitable due to the associated high risk of infection. In addition, the impact on mobility
that the pandemic had has further increased the need for new transport policies [59].
It is particularly important in urban areas to deliver transport solutions that meet the
changing needs of the population. As each city has different endogenous conditions, it
is worth conducting research on different locations so that any recommendations and
conclusions will not only reflect this diversity but also show common features. Many
potential passengers who curtailed or eschewed public transport altogether during and
after the pandemic declare that they would consider returning to its regular use if it met
certain requirements. These include, first and foremost, that public transport be integrated
with other forms of mobility and, secondly, that the policy on fares is fair. The pandemic
caused a significant drop in the use of public transport in all Polish cities, but the magnitude
of this decline varied, depending, inter alia, on ticket costs (when fares are higher, the
propensity to avoid public transport also increases). The appeal of the public transport
option is also affected by the ease of purchasing tickets and the range of tickets offered.
In the age of online and digital communication technologies (whose popularity increased
even further during the pandemic), there has been a noticeable rise in demand for such
solutions as e-ticketing and ticket vending machines. Another factor that contributed to the
drop in the popularity of public transport was remote learning and working, both imposed
during the pandemic. The latter in particular has proven (at least in some industries and
sectors) to be not only as efficient as the previous form of work organisation, but also
considerably cheaper. It is therefore estimated that despite the cessation of the pandemic,
this factor could still see an ongoing reduction in trips taken by public transport of as much
as 20% [60].

Research on the post-pandemic reality indicates the effect of the pandemic on modal
choice. Bouhouras et al. [61] showed that residents of urban areas were more willing to
change the means of transport used for their journeys (to a bike sharing system) during
the pandemic. Their study showed that after the pandemic ended, the role of these means
of transport in the post-pandemic reality had strengthened compared to pre-pandemic
observations. Similarly, research using the Sankey diagram showed that modality profiles
have been transformed due to the pandemic, and that a number of these changes will
remain post-pandemic [62,63]. However, this study did not show the whole picture of
residents” modality profiles, as it concerned trips unrelated to commuting to the main city.

3. Description of the Research Areas

The study was conducted in £6dz, a large Central European city with a population
of over 658,000 [64]. It is difficult to conclusively indicate how the number of trips made
within the £.6dz transport system has changed in recent years, or to present the changes
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that have occurred in the modal split of these trips in the last few decades, as research in
this regard was performed sporadically by the city administration in 1995 [65] and 2013 [66].
However, this study has recently been conducted more systematically by a local research
centre (Lodz University). Earlier studies revealed that the average daily number of trips
made by the average resident of £6dZ increased from 2.13 in the mid-1990s to 2.4 in 2013.
However, subsequent studies from late 2021 have shown a significant decrease in daily
mobility (to below 1.4 trips per day on weekdays) [63], which has been attributed to the
effects of the pandemic [63,67].

On weekdays, daily mobility in £.6dZ is dominated by obligatory motivations (slightly
over 50% of all trips are to commute to school or work) [63], which is in line with the situation
in other Polish cities [68], whereas optional trips on weekdays were mainly made to retail
facilities (26.2%), to visit friends and family (5.3%), and for recreational purposes (4.1%).

With regard to the modal split of regularly-taken trips, clear changes have been ob-
served, i.e., an increasing switch from public transport in favour of private cars (Table 1),
which is mainly due to a rise in car ownership and changes to the family model. Since £6dZ
is the most congested Polish city (according to the Tom Tom Traffic Index [69]), the increase
in the share of passenger cars in the modal split may only deepen this unfavourable condi-
tion. That is why it is so important to conduct research that could help those responsible
for transport policy take action to improve this situation [63].

Table 1. Changes in the structure of transport modes in £.odz.

Share of Transport Modes [%]

Transport Modes Year

1995 2013 2021
on foot 27 27.4 10.8
public transport 52 455 15.8
car 20 24.6 70.7
bicycle 1 1.8 1.3

Source: data from [63,65,66].

The aforesaid functional parameters (modal shift, mobility levels, etc.) of the urban
transport system in £6dz are long-established. However, they have been undergoing sig-
nificant transformations over the last ten years. The transport system of £.6dz is concentric
in nature, partially delimited by the ring road of motorways and expressways running
primarily around the edge of the city or beyond its defined limits. This layout features a
grid-like network, where the routing of public transport lines is determined by the existing
infrastructure, whose shape depends on the mode of transport: concentric (tram lines),
concentric with an emerging band-shaped layout (bus lines), and circular and peripheral
(train lines).

4. Data and Methods

Typically, research on the spatial mobility of people is based on the use of one of the
data sources used in this article [70,71]. Each of them on their own offers a considerable
amount of information and can be perceived as a reliable and relatively comprehensive
(with an awareness of their weaknesses) source of data. However, only when the analysis is
carried out in two ways, specifically in parallel on complementary data (ITS and data from
the questionnaire survey), is a synergistic value achieved. Each source has weaknesses
that the other successfully complements. Thanks to ITS technologies, it is possible to
obtain accurate data on road traffic, travel times, road capacity, etc. Questionnaires can
complement this data by providing information about traveller preferences and behaviour.
The ITS data and the results from the questionnaires enable the analysis of trends in the
transport behaviour of the population, which is important for planning the development of
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transport infrastructure. The combination of ITS data and questionnaire results allows for
a better understanding of the needs of road users and the adaptation of transport infras-
tructure to meet these demands. The information collected from ITS can be used for route
planning and optimisation of the transport network. Questionnaires may reveal preferred
travel routes and the factors that influence their choice. Data from ITS can be used for
dynamic traffic management, which leads to increased efficiency of transport systems and
a reduction in traffic congestion. Questionnaires can provide additional information about
preferred travel times and travel purposes. Understanding the preferences and habits of
road users allows for better adaptation of the transport on offer, including timetables, types
of connections, and means of transport. By combining the ITS data and the information
obtained from questionnaires, it is possible to identify the issues in the transport system
and introduce appropriate solutions (Figure 1).

transport

behavior of
residents

/_Iﬁ

durability of changes: actual mobility declared mobility
periodic/permanent changes changes

|

| |

analysis of the

questionnaire

modifying factor: road network use of public curvevsiofthe
COVID-19 pandemic load analysis transport yl ti
vehicles population
L J

Figure 1. Scheme of research procedure.

ITS data and questionnaire surveys on the spatial mobility of people can be used in
various studies and projects related to transport planning, road traffic analysis, transport
infrastructure management, and social research, including those phenomena not directly
related to the transport system (e.g., changes in legislation or the impact of natural con-
ditions). In this way, it is possible to analyse a very wide set of factors modifying the
functioning of the transport system (marked in red in Figure 1). By examining the results
of population spatial mobility questionnaires in combination with ITS data, it is possible to
gauge the population’s attitude towards changes in the fare structure. ITS data can provide
information on actual traffic patterns, such as traffic volumes at different times of the day,
the busiest locations, and seasonal changes. Combined with survey results, how these
traffic patterns correlate with traveller preferences and the reasons why people choose
certain travel routes can be assessed. Data from questionnaire surveys can help identify
those areas affected by insufficient transport accessibility for residents, e.g., areas where
there is a lack of convenient transport links. ITS data can provide information on existing
transport infrastructure and actual travel patterns, enabling the assessment of transport
accessibility in various areas. Once transport investments have been made, such as changes
to road infrastructure or the introduction of new transport services, both ITS data and
survey results can be used to assess the effects of these interventions on population mobility,
traffic congestion, travel times, and other indicators. Using ITS data and questionnaire
survey results, it is possible to create forecasting models that help predict changes in popu-
lation mobility behaviour in response to factors such as demographic changes, changes in
transport policy, or the introduction of new transport technologies [72-74].
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4.1. Data from Surveys

In order to determine the permanence of the impact that the pandemic had on the
local transport system in £.6dZ, a survey was conducted using the CATIL This involved a
representative sample of 500 adult residents (sample size was determined at a confidence
equalling of 97%, with a maximum error of 5%). The research tool was a survey question-
naire consisting of two parts: respondent’s particulars and questions on daily mobility in
autumn 2019 and autumn 2022, including the impact of the pandemic on possible changes
in transport behaviour (Table 2). The period of autumn in 2019 was chosen as it was a time
that people still remember that is not associated with the pandemic or Christmas. Autumn
2022 (post-pandemic period) was chosen for comparison of a similar period.

Table 2. Schematic structure of the questionnaire.

Respondent’s particulars

Household Total number of members
No. of people under 6 years of age
No. of cars
No. of bicycles (not including children’s bikes)
No. of motorcycles/mopeds
Net income per capita

Respondent Gender
Age
Address of residence
Type of housing
Education
Driving licence
Primary occupation
Place of employment/school

Questions about transport
behaviour in 2019 and 2022

Changes in transport Frequency of each daily mobility in 2019

behaviour Frequency of each daily mobility in 2022
Changes in frequency of each daily mobility
Reasons for changes in frequency of each daily mobility
Preferred means of transport of each daily mobility in 2019
Preferred means of transport of each daily mobility in 2022
Changes in preferred means of transport of each daily mobility
Reasons for changes in preferred means of transport of each
daily mobility
Time of displacements of each daily mobility in 2019
Time of displacements of each daily mobility in 2022
Changes in time of displacements of each daily mobility
Reasons for changes in time of displacements of each
daily mobility

The research was performed in October 2022 by an external company (specialising
in questionnaire research). The company endeavoured to ensure the sample selected for
the study was representative. The survey was representative in terms of gender and age
(Table 3). The population of L6dz is ageing rapidly due to demographic reasons. We are
dealing here with ageing both from the base of the age pyramid and from its apex. This
process is the most advanced among all voivodeship cities in Poland, which explains why
it is so important to undertake research especially concerning older age groups.

The Wilcoxon test, which is a non-parametric alternative to the Student’s t-test, was
employed to analyse the results of the questionnaire survey, as it enables one to compare
population means that do not follow a normal distribution, which is impossible with the
majority of parametric tests for equality of means within groups [75].

For data analysis, the authors have utilized Python along with the numpy (NumPy),
pandas, and scipy modules (SciPy).
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Table 3. Demographic characteristics of respondents and inhabitants 18+ of L.odz.

Characteristics N = 500 Total Sample [%] Charalc;ir:)sftlf(s’)ng :;(;alliltants 'I;oo/fjl

Gender Gender

Female 56 Female (18+) 55.42

Male 44 Male (18+) 44 57
Age Age

18-29 10.6 18-29 14.10

30-39 15.2 30-39 18.19

40-49 17 40-49 17.76

50-59 12.6 50-59 13.05

60 and over 446 60 and over 36.90

Source: own study based on the results from the surveys.

Questionnaire-based research on people’s transport behaviour has great potential. The
questionnaire distributed by telephone made it possible to collect data from a relatively
large and diverse group of respondents representing various socially, demographically and
spatially diverse groups. Compared to other research methods, such as personal interviews
or field observations, questionnaire research can be relatively cheap, especially when using
remote tools (e.g., the telephone). Respondents are more likely to answer honestly when
the survey is anonymous, which may lead to better data quality. Questionnaires also allow
for the standardisation of questions and procedures, which facilitates the comparison of
data between different groups and over different time periods (as seen in the case of this
study). A questionnaire survey can be easily scaled, which means it can be carried out on a
large scale over a short time period. Nevertheless, this method of obtaining information
about spatial mobility has certain limitations. It can be difficult to obtain a high response
rate, especially when the survey is long and requires considerable respondent involvement.
There is also a risk of measurement errors related to the interpretation of questions by
respondents or distortions resulting from imprecise answers. Certain social groups, such as
older people, uneducated people, or people who did not consent to having their telephone
numbers included in the research contractor’s databases, may be excluded from the study;,
which may introduce distortions in the results. However, in this study, measures were
taken that eliminated the indicated imperfections [76].

4.2. Load on the Urban Road Network

The third main source of data on the transport behaviour of the population in £.6dZ
(besides the results of the questionnaire survey and data on the number of tickets vali-
dated in public transport vehicles) are empirical measurements made by induction loops
supporting the ITS system in £.6dz [77]. The data was collected between 2016 and 2022,
although this study employs only data from the years 2019-2022. This data boasts a range
of attributes that allow it to be classified as a big data set [78], and it is applicable in both
geographic and traffic engineering studies [79,80]. Due to changes in the way the data is
archived (by the City of L6dz) and the properties of the detectors and the system built
around them, it had to undergo a number of validation procedures to enable its application
in the study [81].

The first stage, which is continuous and performed automatically by the Sydney
Coordinated Adaptive Traffic System (SCATS), involves traffic monitoring based on mea-
surements from detectors (induction loops). The system aggregates the number of vehicles
recorded at 15-min intervals 24 h a day for each lane within the junctions covered by the
system (the system was monitoring over 270 junctions at the time this paper was being
prepared). The data is archived and can be exported as a tabular summary containing
the measurements at 15-min intervals for each loop installed within a single junction (the
database allows the export of a single file containing data on a given junction). The series
of files retrieved from the archives must then be combined into a single, uniform database,
which poses a major methodological challenge but is necessary for the inter-period compa-
rability of the data. The procedure also involved the removal of measurement errors, both
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those detected directly by the system and those manifested by abnormal vehicle numbers
recorded (e.g., the number of vehicles passing through a given junction within a 15-min
time interval was greater than the reasonable lane capacity in free-flow traffic). As the traffic
monitoring system underwent some changes (e.g., quantitative; the number of induction
loop detectors increased from ca. 230 to 270 monitored junctions) over the years in question,
the authors decided to limit the study area only to those junctions and detectors for which
there were observations in each of the analysed periods in order to eliminate the effect of
excessive accumulation of vehicles from measurements made by the increasing number of
detectors. The final database contains information on the junction, lane, date, and time of
measurements (in 15-min intervals).

This allowed the authors to analyse the temporal changeability of vehicle traffic flows
on the urban road network. However, a weakness of the inference based on the data from
inductive loops must be stated here. Namely, the vehicle numbers reported by the sensors
do not reveal the magnitude of capacity overruns at junctions or the resulting traffic queues.
As a result, the representation of traffic volumes at 15-min intervals on the road network
only shows the proportion of traffic that passed through a junction in a given interval. In
addition, the ITS data shows only the entire traffic volume with no breakdown into trip
motivation, thus forcing the researcher to be cautious when drawing conclusions regarding
the impact of the pandemic on traffic volumes related to commuting to work, school, retail
facilities, etc. For each year in question (2019-2022), the average vehicle number recorded
by the urban ITS in 15-min intervals for each day of the week was determined. In order to
analyse the spatial dimension of the changes under study, the volume of the average daily
traffic at the junctions covered by induction loops was “superimposed” (presented as a pie
chart) on the map of the road network in the city.

4.3. Public Transport Provision and Its Uptake

The performance of public transport in L6dz was analysed to assess the quality and
quantity of the service provided, the ticketing options available, and the degree to which
these services were used in 2019-2022. Data on the temporal and spatial fluctuations in
the number of tickets validated in public transport vehicles was provided by the transport
organiser, the city council, represented by the road and transport management authority
within the boundaries of the city [82]. The data on ticket validations, which provides
information on date and time, vehicle identity card, and geographical location, has been
structured as follows:

e the total number of ticket validations on all public transport vehicles at hourly intervals
for the second week of October in each year between 2019 and 2022,

e the number of ticket validations per tram and bus for the second week of October in
each year between 2019 and 2022,

e the number of ticket validations by passengers (either beginning a journey or continu-
ing their journey by punching another ticket) registered by the system in the vicinity
of a given tram or bus stop for the second week of October in each year between 2019
and 2022.

Measurements are taken automatically in each public transport vehicle and then sent
to the system’s headquarters. In order to visualise the temporal and spatial changeability
of how the urban public transport system is used, averaged data on the number of tickets
validated was used for the adopted time intervals. Thematic maps showing the number
of ticket validations by route for each tram and bus line were compiled using spatial
concatenation. This allowed the aggregation of the number of ticket validations for those
sections of the public transport network where there is reciprocal substitutability in service
by the vehicles of the public transport operator.

Information on the temporal changes in the services provided by the transport operator
was taken from the website of the city’s municipal transport body (The Municipal Transport
Company in £6dZ—MPK L6dz). Historical timetables for the indicated dates were obtained
via their server. The number of trips taken by pairs of trams or buses (with each member
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of the pair travelling in the opposite direction) on a given day was then totalled using an
additional division into pre-peak, peak, and post-peak periods (for working days).

When reviewing the results and drawing conclusions, one must remember that the
data on which the study is based takes into account neither holders of period tickets
(monthly, weekly, etc.) or single-line tickets, nor those entitled to travel for free (e.g., senior
citizens). What is more, the data only indicates where and when a given user validated
their ticket. Although it is reasonable to assume that they punched it at the beginning of the
journey, this is obviously not the only possibility. The researcher is also unable to determine
how long a given trip on a given ticket lasted, as the data does not indicate where and
when the user got off (ended the trip) or transferred (changed vehicles and continued the
trip). After all, a given passenger could have punched consecutive tickets in the course of a
single journey [82]. In addition, there is no possibility to keep track of trips made by those
passengers who did not punch a ticket even though they were obliged to do so. Despite the
said limitations, the data employed is still the largest and most accurate dataset available
to illustrate the nature of how public transport is actually used in £.6dZ.

The undoubted advantages of analyses conducted on the basis of ITS data include
the fact that the ITS generates large amounts of data from a number of sources, such as
road sensors, traffic monitoring systems, and navigation applications. This rich source
of data allows for a more accurate understanding of movement and mobility. Thanks to
the automation of the data collection process, ITS data is often more reliable and accurate
than that collected using traditional methods. ITS data can also be collected and shared
in real time, enabling quick analysis and rapid response to changes in road traffic. The
availability of ITS data enables the integration of different data sources, which can lead to
more comprehensive analyses and a better understanding of mobility. The limitations of
this approach include the risk of system failure and data loss; ITS systems are susceptible to
technical failures, which can lead to interruptions in data collection or inaccurate analysis
results. The effectiveness of ITS data depends on the installed infrastructure, which, in cases
of absence or insufficiency, may lead to the inability to collect comprehensive data. There
is also a risk of manipulation of ITS data by the intentional actions of third parties, which
may lead to false or distorted analysis results. Collecting large amounts of data can lead to
privacy concerns, especially when it comes to tracking vehicle and user movements. This
study implemented remedial actions that addressed the identified threats to the reliability
and validity of these data.

5. Results and Discussion
5.1. Load on the Urban Road Network

In order to determine the extent to which the pandemic-related changes in mobility
have been perpetuated in the transport landscape of £6dZ, an analysis of the road network
load was first conducted for four consecutive years (2019-2022) and divided into three
periods: pre-pandemic (2019), pandemic (2020-2021), and post-pandemic (2022). As regards
vehicular transport, no significant changes were observed in the temporal distribution of
trips. During the pandemic, the relative number of vehicles on the network at weekends
changed quite significantly, but the decrease in the number of weekend trips by passenger
car was only temporary and almost reverted to the previously observed level once the
pre-pandemic conditions returned. Observations for the pandemic period take significantly
lower volumes than in the pre-pandemic period. Once the pandemic was over, traffic
volumes on L.6dz roads increased, exceeding the level recorded before the threat emerged
(Figure 2). It is worth noting that the levels observed before the pandemic were exceeded in
particular in the period immediately before the morning rush hour and during the morning
and afternoon transport peak hours. This may indicate the frequent use of the car as a
means of transport for obligatory trips. During other periods of the day, a decrease in
traffic intensity has been observed in the post-pandemic period compared to 2019. This
is particularly noticeable in the evening and at night. It is difficult to clearly indicate
the cause of this phenomenon, and speculations in this regard may be due to eschewing
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the car in favour of other modes of transport at this time of day, or perhaps a change in
travel motivation.
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Figure 2. Temporal differences in changes in the average number of vehicles compared to 2019 on
weekdays (top) and weekends (bottom) in 2020, 2021 and 2022. Source: own study based on data
provided by the city’s ITS operator—the city authorities of Lodz.

The analysis of the spatial changeability of the road network load (Figure 3) may be
subject to some interpretative errors (due to periodic exclusions of certain sections of the
network during their redevelopment and expansion, or the construction of new segments).
Both in the pre-pandemic and post-pandemic periods, the highest network loads were
observed on the main transport arteries (the inner city ring road and metered access roads
to the city). Areas in which lower traffic intensity is observed in the post-pandemic period
than before are elements of the road network that are significantly affected by reduced
accessibility as a result of renovations.

On the basis of this analysis, one can therefore restate after Christidis et al. [83]
that there is still a high level of ambiguity concerning either societal developments or
the economy after the pandemic. It is impossible to confidently predict the duration or
intensity of behavioural changes, much less accurately assess their impact on mobility.
The inertia rate in L.6dZ was so low that the short-term decrease in trips, as predicted by
Christidis et al. [83], was actually ultra-short.

5.2. Public Transport Provision and Its Uptake

During the pandemic period, the local transport operator reduced their planned
transport tasks (Figures 4-7). For 2021, they introduced a modified service favouring
buses at the expense of trams, mainly due to the scheduled roadworks and investments
for the network of tram tracks (ongoing or new), which necessitated the temporary use of
replacement bus services. The restrictions implemented after March 2020 following the
spread of the COVID-19 virus resulted in a decrease in the transport timetable, with a
particularly pronounced drop in the frequency of the tram service. In 2021, the Municipal
Transport Company’s vehicles covered 48,340,000 vehicle-kilometres, a decrease of 0.5%
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compared to the previous year. For trams, the total dropped by 1,156,400 vehicle-kilometres
compared to the previous year, while for buses, this value increased by 865,200 vehicle-
kilometres. In general, 2021 was yet another consecutive year in which the total vehicle-
kilometres decreased, since in 2019 it amounted to 52,300,000 vehicle-kilometres [84].

2020

| 2019

A

@  shopping center s rail
. shop tam

Figure 3. Spatial differentiation of the average daily number of vehicles on the £.6dz road network in
2019-2022. Source: own study based on data provided by the city’s ITS operator—the city authorities
of Lodz.

Although the number of bus and tram lines did not change significantly on Saturdays
in the period under study (Figure 3), the situation was different in regard to the daily
number of journeys. Reduced during the first lockdown, they only increased in the second
half of 2021. On Sundays in the analysed period, the number of bus and tram lines and
the frequency of public transport vehicles did not change significantly (Figure 5). This
was mainly due to the fact that the local carrier’s timetable was traditionally more limited
on Sundays, compared to the other days of the week. The low base effect resulted in
no changes in this scope. On weekdays, slightly greater variability was observed in the
number of public transport vehicle journeys. In the initial period of the pandemic, an
increase in the number of journeys was observed, which later fell (Figure 6). It should be
noted that these changes did not apply to rush hours (Figure 7).
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Figure 4. Diversification of the number of journeys by public transport vehicles on Saturdays in
L6dzZ in the period between 25 January 2020 and 4 December 2021. Source: own study based on data
provided by the city’s ITS operator—the city authorities of L6dz.
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Figure 5. Diversification of the number of journeys by public transport vehicles on Sundays in £.6dz
in the period between 5 January 2020 and 12 December 2021. Source: own study based on data
provided by the city’s ITS operator—the city authorities of L6dz.
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Figure 6. Diversification of the number of journeys by public transport vehicles on working days in
L6dzZ in the period between 27 January 2020 and 21 February 2021. Source: own study based on data
provided by the city’s ITS operator—the city authorities of L6dz.
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Figure 7. Diversification of the number of journeys by public transport vehicles in peak and off-peak
periods on working days in £6dz in the period between 27 January 2020 and 21 February 2021. Source:
own study based on data provided by the city’s ITS operator—the city authorities of £L6dz.

This resulted in slight changes in passenger numbers on the main transport axes
(Figure 8). In 2022, once the pandemic restrictions were lifted, the structure of the temporal
daily distribution of passenger traffic was still similar to the situation during the pandemic.
However, in absolute terms, a clear rise in passenger traffic was observed (Figure 9). At the
same time, pronounced rises in passenger numbers were observed on all main transport
axes, both within the city and on suburban lines (Figure 10).

population density (inhabitant/ha) . number of validated tickets
tsdz @  shopping center ————

&*’ﬁ \JF 5“'«“1“\& h’éﬂ o & ,‘~'°§ v P@“

777/, sports and recreation complex R R
Figure 8. Average number of tickets validated in trams (A,B) and buses (C,D) by route against the
background of population density of L6dzZ in 2019 (A,C) and 2020 (B,D). Source: own study based on
data provided by the city’s ITS operator—the city authorities of L6dz.
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Figure 9. Temporal differentiation in the number of tickets validated in local public transport vehicles
in selected weeks of 2021 and 2022 in £.6dz. Source: own study based on data provided by the city’s
ITS operator—the city authorities of L.6dz.

__|todz number of validated tickets

S
& &

$ S & SO
N S
PN

& & &
& S & $
D) DR

Figure 10. Spatial differentiation in the number of tickets validated in local public transport vehicles
in selected weeks of 2021 and 2022 in £.6dz. Source: own study based on data provided by the city’s
ITS operator—the city authorities of L6dzZ.

Although Zhao and Gao [85] and Christidis et al. [83] observed that the impact of the
COVID-19 pandemic on decisions made by individuals concerning public transport may
persist for a time once the crisis is over, in £6dZ, there was a dynamic rise in passenger
numbers on public transport when compared to observations made during the pandemic.

However, scientists still lack sufficiently detailed data on how population mobility is
evolving after the pandemic and whether (and if so, how) the criteria for choosing modes of
public transport will change. While there are studies addressing this phenomenon [85-87],
it is difficult to clearly indicate how universal their results are and to what extent they
only show changes typical of the society these authors analysed. For this reason, the
quantitative picture presented above requires the research to be expanded with information
portraying post-pandemic mobility in £6dZ in qualitative terms. Nevertheless, the results
of the analyses presented herein still fall within the predictions of the rapid return to
pre-pandemic levels made by Ehsani at al. [88].

5.3. Analyses of the Questionnaires

Changes in daily mobility in 2019-2022 were assessed with regard to how often
different motivations were pursued, trip duration, and the mode of transport used. The
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frequency at which different spatial behaviour motivations were pursued (which were
considered statistically significant) affected six trip motivations over the analysed period
(Table 4).

Table 4. The Wilcoxon signed-rank test showing the frequency of each daily mobility.

Daily Mobility The Wilcoxon Result Statistic p-Value
remote working 299.0 0.0006039711729740746
working outside the home 1890.0 0.011091331445240387
pursuing religious activities 119.0 0.011091331445240387
entertainment and culture 3854.5 0.0009923016731719998
tourism 3339.0 0.028034371141600654
recreation/sports and hobbies 2511.0 0.041368595468895326

Source: own study based on the results from the surveys.

The respondents reported that the greatest pandemic-related changes occurred for
remote working. For those who declared they were working remotely, the frequency of this
form of work increased (Figure 11); 49% stated that this increase stemmed directly from the
pandemic, while 13.7% claimed that it was due to both the pandemic and unrelated factors.
The rise in the percentage of people working remotely due to the pandemic was also noted
by Ahlers et al. [89].

60%
40%

oo | - — —

Everyday A few times per Not applicable A few times per Less than once Not applicable
week month per month

W 2019 m 2022

Figure 11. Average frequency of working from home in 2019 and 2022. Source: own study based on
the results from the surveys.

The frequency of the other analysed motivations behind spatial behaviour decreased
(Figure 12), and in each case the pandemic had some impact on this decrease (response
rate was no less than 15%). The largest percentage change in the frequency that different
motivations were pursued (for which respondents claimed the pandemic as a direct cause)
was for entertainment and culture, and for working outside the home. In this case, 20.2% of
the respondents indicated that it stemmed directly from the pandemic, while 11.4% stated
that the impact was only partially the result of the pandemic, and that there were also other
factors. These results corroborate the preliminary study by Kellermann et al. [90], who es-
tablished that long-term pandemic-related changes in daily mobility manifest themselves as
a continuous (absolute and relative) decline in the frequency of trips and distances covered.

As regards trip duration for the different motivations, statistically significant changes
for the period in question (2019-2022) applied to seven motivations (Table 5).

The respondents declared that the pandemic caused, to some extent, a change in trip
duration only for the first five motivations above. In each case, however, they stated that
the trip duration had decreased. In this regard, the pandemic had the greatest impact on
tourism (33.3% of changes in this respect) (Figure 13) and recreation/sports and hobbies.
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Figure 12. Average frequency of working outside the home in 2019 and in 2022. Source: own study
based on the results from the surveys.

Table 5. The Wilcoxon signed-rank test showing the trip duration of each daily mobility.

Daily Mobility The Wilcoxon Result Statistic p-Value

working outside the home 3487.5 0.028660785532901547
entertainment and culture 927.5 1.060176566858605 x 10~°
tourism 971.5 4.222586356576828 x 1011
recreation/sports and hobbies 1372.5 0.02083562081460548
eating out 1838.0 0.0034904468435099914
dropping off or collecting other persons 125.5 0.026884239798445307
school education 7.0 0.020231306339527272

Source: own study based on the results from the surveys.
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Figure 13. Average trip duration for the motivation of tourism in 2019 and in 2022. Source: own
study based on the results from the surveys.
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Some minor changes were also observed for the mode of transport used. Namely, there
was an increase of 2.6 percentage points in the use of private transport. Unfortunately, in the
modal split of the daily mobility in £.6dz, there was also a decline of 2.58 percentage points
in public transport use. No changes were recorded for other modes of transport. In general,
the largest percentage change in the chosen mode of transport pertained to working outside
the home (11.83% of the respondents declared a change in this respect) and to mobility
related to entertainment and culture (11.13%) in the analysed period (2019-2022). Lodz
residents claimed that the pandemic had had a direct impact on ca. 9.75% of their changes
in the mode of transport, and for 6.09% of them the impact was indirect. The pandemic also
caused a rise in the use of privately owned cars and active transport (bikes, scooters, etc.),
which is expected to continue after the pandemic. By contrast, public transport and taxis
are likely to play a lesser role. Ong et al. [86] also confirmed that the pandemic triggered a
rise in the importance of cars at the expense of mass transit.

6. Conclusions

The COVID-19 pandemic has undoubtedly impacted numerous facets of day-to-day
life, particularly in terms of daily mobility patterns, and these may have long-lasting effects.
Although the future remains uncertain, we can anticipate certain shifts in travel behaviour
based on current trends and expectations. Understanding individuals’ travel patterns is
necessary to promote changes to the modal split and increase the resilience of cities when
faced by future emergencies and pandemics. The purpose of the study was to determine
the nature and scale of the impact of the COVID-19 pandemic on the local transport system
of a large city in Poland (L6dz) and, above all, to identify the permanence of this impact.
The study employed both quantitative and qualitative data, which made it possible to
determine not only whether vehicle numbers on the network had changed in the period
under study, but also what had caused this change. This study provides new knowledge on
the widely-addressed impact of the pandemic on various aspects of life by addressing the
overlooked issue of how persistent these changes are. Not only did the pandemic change
the frequency of spatial motivations, but it also affected trip durations and preferred modes
of transport. According to respondents, the greatest pandemic-related changes were related
to remote working. This was the only motivation for spatial behaviour where the frequency
increased, while in all other cases a decrease was noted whenever it was necessary to
travel or commute. As regards trip duration, this decreased for each motivation under
study. The changes that were triggered to the greatest extent by the pandemic pertained
to two motivations: tourism, and recreation/sport and hobbies. As for preferred modes
of transport, there was a rise in the use of private transport at the expense of mass transit.
The largest percentage change in the modal shift for the different trip motivations directly
influenced by the pandemic applied to two motivations: working outside the home, and
mobility related to entertainment and culture.

These results confirm that it has become noticeably more popular to work remotely.
As for the other daily motivations, the respondents stated that they can also be pursued
online, so there was less pressure to commute. For these motivations, however, the pace
of change has not been that dynamic. As regards sustainable transport, the most adverse
changes concern the growing popularity of the car in the modal split. To address the
reluctance to use public transport, measures must be taken to improve the cleanliness of
public transport vehicles, which could help to increase the use of mass transit for regularly-
taken journeys. Future studies should address the reluctance of the general public to use
mass transit and the actions that would encourage them to do so once again. If cities are to
pursue sustainable mobility, knowledge of how permanent the pandemic-related changes
in spatial mobility of the population are could facilitate the development of sustainable
transport policies.

Research on population mobility was extremely important for transport organisers
and decision-makers in organising public transport after the COVID-19 pandemic. For
example, do more people prefer their own means of transport over public transport? Have
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preferences regarding travel times changed? It was possible to identify peak times and
places where the demand for public transport was highest, allowing transport organisers
to adapt timetables to the changing needs of passengers. Based on mobility data, vehicle
capacity and frequency of trips could also be adjusted to actual demand. In the event of
future crisis situations, more journeys can be planned during peak hours or on heavier
routes. Mobility studies also helped identify the risk of COVID-19 infection and suggested
appropriate preventative measures. Transport bodies could alter cleaning and disinfection
procedures and introduce restrictions on the number of passengers in vehicles. The analysis
helped promote alternative forms of travel, such as cycling, hiking, and carpooling. Thanks
to this, it was possible to reduce the pressure on public transport during peak hours and
minimize the risk of infection. The research also provided valuable information on travel
patterns, which could be useful when planning new transport infrastructure or modifying
existing ones.

This study on the lasting impact of changes in transport behaviour due to the COVID-
19 pandemic contributes to the development of scientific achievements in the field of
socio-economic geography on several levels. It contributes to understanding how changes
in transport behaviour vary depending on the geographical space considered, e.g., a city or
a district. This may include analysing differences between urban or suburban areas (with
different daily mobility patterns), areas with different levels of population density, or areas
with different levels of socio-economic development. The study helps identify changes
in population patterns, prime business locations, and infrastructure development in the
context of the pandemic. The study also gauges how changes in transport behaviour have
affected accessibility to services, jobs, education, and important destinations. This may lead
to a better understanding of inequalities in transport accessibility for different social groups
and regions. Based on the collected data, models for predicting spatial behaviour in the
context of crisis situations can be developed. The study helps identify areas of the economy
most exposed to the effects of changes in transport behaviour and suggest best responses.

Potential limitations of the study presented include: the study may capture changes
that may not be representative of long-term trends; residents may be more inclined to
exaggerate or minimize changes due to concerns or expectations; different social groups
may have different experiences and reactions to changes in communication behavior, which
may make it difficult to obtain a representative cross-section of the population; the period
of the pandemic may make it difficult to compare current communication behavior with
that from previous years, which may limit the ability to assess changes; and the pandemic
may have had differential impacts on different aspects of travel behavior, depending on the
specific urban environment, infrastructure, culture and other local factors, which may limit
the geographical universality of inferences.
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