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Various social distancing measures were carried out in many cities worldwide during the coronavirus disease
2019 pandemic (COVID-19). These measures have led to decreased physical activity levels and higher health
risks among urban populations. Strong evidence has been established that built environment characteristics can
stimulate physical activity and thus improve public health during non-pandemic periods. Urban density was
arguably one of the most important built environment characteristics. However, little is known about whether
high urban density amplifies or attenuates the decline in physical activity during the pandemic. Based on two-
wave physical activity data collected before and during the pandemic (in January and May 2020, respectively),
we used moderation analysis to compare the changes in physical activity levels between people living in low- and
high-density neighborhoods. Our results showed that people living in low-density areas have a smaller decrease
in physical activity conducted in neighborhood, compared to those living in high-density areas. Our findings
suggest that a flexible and porous urban development strategy could enhance the resilience of a city during the

coronavirus pandemic and beyond.

1. Introduction

Since its emergence in late December 2019, coronavirus disease
2019 (COVID-19) remains a global public health crisis. The World
Health Organization (WHO) declared COVID-19 to be a global health
emergency on January 30, 2020 and subsequently declared a global
pandemic on March 11, 2020 (World Health Organization, 2020a,
2020c). To mitigate the human-to-human transmission of the virus,
various restrictive social distancing measures have been implemented
by governments worldwide. Besides, citizens have been urged to prac-
tice social distancing in public spaces and to avoid any crowded or un-
necessary gatherings (Honey-Rosés et al., 2020).

Although these measures have decreased the overall infection rate,
they have unavoidable adverse impacts on people’s physical activity
behaviors and health (J. F. Sallis, Adlakha, Oyeyemi, & Salvo, 2020).
Several empirical studies have indicated a significant decrease in

physical activities during the pandemic due to the closure of sports and
recreational facilities, lockdown and quarantine measures, and
stay-at-home policies (Constandt et al., 2020; Giustino et al., 2020;
Lesser & Nienhuis, 2020). The decline in physical activity levels has
negatively affected both the physical and mental health of people,
especially in this particular pandemic situation (Lesser & Nienhuis,
2020; Sallis & Pratt, 2020; Sallis et al., 2020).

There is strong evidence that during the non-pandemic period,
certain built environment characteristics increase physical activity and
health outcomes across the neighborhood, district, city, and national
scale (Ewing & Cervero, 2010; Handy, Boarnet, Ewing, & Killingsworth,
2002; Liu et al., 2020; Saelens et al., 2012; Yang et al., 2021). Areas with
high urban density, mixed land use, accessible parks, and
well-connected streets are more conducive to promote physical activity
than others, and hence improve various health outcomes (Forsyth,
Oakes, Schmitz, & Hearst, 2007; Lu, Xiao, & Ye, 2017; Sallis et al.,
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2016).

So far, little is known about whether built environment character-
istics have a similar effect, or at least slow down the decline of physical
activity during the pandemic. There are only a handful of studies that
have explored the role of urban parks in promoting physical activity
behaviors during the pandemic (Heo, Lim, & Bell, 2020; Xie, Luo, Fur-
uya, & Sun, 2020). As one of the most important built environment at-
tributes in terms of promoting physical activity and health outcomes
(Ewing & Cervero, 2010; Forsyth et al., 2007; Handy et al., 2002), it
remains unclear about the role of urban density in physical activity
changes under the COVID-19 pandemic. This critical knowledge gap
may limit our opportunities to mitigate the decrease in physical activity
caused by the current pandemic and future epidemics.

To address this important research gap, we explored the moderation
effect of urban density on the impact of COVID-19 on the change in
physical activity by using a longitudinal research design in Hong Kong, a
typical high-density Asian city. Individual physical activity levels were
collected both before and during the pandemic, and the participants’
residential locations were classified into low- and high-density urban
areas. We examined whether people living in high- or low-density
neighborhoods experienced different levels of changes in physical ac-
tivity under identical COVID-19 pandemic situations and related social
distancing measures.

2. Literature review
2.1. Benefits of physical activity

It has been well-established that maintaining adequate physical ac-
tivity levels improves human health. As recommended by WHO, adults
should achieve more than 150 min of moderate-intensity physical ac-
tivity or 75 min of vigorous-intensity physical activity per week (World
Health Organization, 2020b). Achieving such physical activity level
accumulates many health benefits, such as strengthen the immune sys-
tem; reduce the risks of virus infection, cardiovascular disease, diabetes
mellitus, obesity, hypertension, cancer, osteoporosis, and depression;
and improve general health (Penedo & Dahn, 2005; Reiner, Niermann,
Jekauc, & Woll, 2013; Warburton, Nicol, & Bredin, 2006). Moreover,
physical activity is a powerful preventive medicine that can maintain
the health status of patients suffering from chronic diseases, such as
cardiovascular disease and type II diabetes (Jeon, Lokken, Hu, & Van
Dam, 2007; Jordan, Adab, & Cheng, 2020; Mora, Cook, Buring, Ridker,
& Lee, 2007).

Furthermore, regular physical activity may have enhanced health
benefits during the COVID-19 pandemic. First, regular physical activity
reduces the risk of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection and limits the damage caused by COVID-19 (P.
Chen et al., 2020). Second, such benefits are more pronounced for
chronic disease patients, as these patients are associated with an
increased risk of severe SARS-CoV-2 infection and mortality (Sallis &
Pratt, 2020). Third, physical activity improves mental health during
stressful events and crises (O’Connor, Raglin, & Martinsen, 2000; Powell
et al., 2019; Strohle, 2009). Therefore, experts believe that maintaining
regular physical activity could also mitigate the potential mental stress
caused by the pandemic (Sallis & Pratt, 2020).

2.2. Urban density-physical activity associations

In a socio-ecological model, physical activity is affected by various
factors, such as individual characteristics, social environment, and built
environment to which a person is exposed (Sallis et al., 2006; Stokols,
1996). Therefore, the attributes of a built environment, such as the
urban forms, transportation, and land-use patterns, can directly impact
individuals’ engagement in physical activity (McLaren & Hawe, 2005).
In previous built environment-physical activity studies, researchers
have examined various built environment attributes, especially those
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corresponding to the “Ds” framework: density, diversity, design, desti-
nation accessibility, and distance to transit (Cervero & Kockelman,
1997; Ewing & Cervero, 2010). Systematic reviews have shown that the
urban density, land-use mix, connectivity, and pedestrian-oriented
design features are significantly positively correlated with physical ac-
tivity engagement (Hoehner, Ramirez, Elliott, Handy, & Brownson,
2005; McCormack, Giles-Corti, & Bulsara, 2008; Xiao et al., 2020; Yang
et al., 2019).

Among the “Ds” framework, density is regarded as one of the most
important factors because it directly affects active transport and indi-
rectly acts as a proxy for other variables such as socioeconomic status
(SES), transit use, and land-use mix (Cervero & Kockelman, 1997; For-
syth et al., 2007; Handy et al., 2002). Density can be defined as the
number of households, population members, or jobs distributed per unit
area (Tomey, 2005). The results of previous cross-sectional studies have
supported a positive association between urban density and physical
activity (Cervero & Landis, 1997; Forsyth et al., 2007; Handy et al.,
2002). More rigorous evidence was also derived from longitudinal
studies. An increase in population density is associated with increases in
the walking trip frequency (Hino, Usui, & Hanazato, 2020; Joh, Chak-
rabarti, Boarnet, & Woo, 2015; Tewahade et al., 2020), total walking
distance (Sun, Oreskovic, & Lin, 2014), and transportation-related
cycling (Beenackers et al., 2012). For example, an analysis of the lon-
gitudinal data of 20,354 black women who relocated to a neighborhood
with a higher population density revealed an increase in the weekly time
spent walking for transportation and recreation (Coogan et al., 2009).
Also, an analysis of longitudinal samples from Norfolk, USA revealed
that residents who lived in areas with a higher job density performed
better in maintaining active commuting (Yang, Griffin, Khaw, Wareham,
& Panter, 2017). Similar evidence was also reported for students from
Washington, USA (Chen, Jiao, Xu, Gao, & Bischak, 2018). Overall, these
studies have shown a positive association between urban density and
physical activity.

2.3. Moderation effect of built environment characteristics

Moderation effect forms the core of socio-ecological models (Ding &
Gebel, 2012; Van Cauwenberg et al., 2011). Moderation is a theory for
understanding and refining a causal relationship between the indepen-
dent variable and dependent variable (Wu and Zumbo, 2007). With
moderation analysis, researchers can understand under which condition
an independent variable has the strongest or weakest effect on a
dependent variable. In essential, a moderator is the third variable that
modifies the strength or direction of the causal effect (Wu and Zumbo,
2007). According to socio-ecological models, besides its direct impact on
physical activity, the built environment acts as a moderator between
other determinators and physical activity, although their work did not
focus on urban density (McLaren & Hawe, 2005). For example, a British
study reported that the link between socioeconomic status and mortality
is moderated by the amount of green spaces in a neighborhood (Mitchell
& Popham, 2008). The link was stronger in areas with fewer green
spaces and was weak in areas with more green spaces. Furthermore, a
recent review concluded that built environment attributes moderate the
relationship between disability and physical activity (Eisenberg, Van-
derbom, & Vasudevan, 2017). Poor lighting and barriers can aggravate
the negative effects of having a disability on physical activity (Eisenberg
et al., 2017). In addition, a recent nationwide study in the USA revealed
that the racial disparity (the white vs. the black) in SARS-CoV-2 infec-
tion rate was significantly smaller in counties with a higher ratio of
green spaces (Lu et al., 2021).

Therefore, from a theoretical perspective, it is necessary to examine
how built environment characteristics moderate the relationship of
other factors and health outcomes in order to deliver ecologically valid
evidence for urban planning and design (Magill, 2011).
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2.4. Decline of physical activity during the pandemic

Before the implementation of population-level vaccination against
COVID-19, social distancing and lockdown remain the most effective
measures (Megahed & Ghoneim, 2020; Sun & Zhai, 2020). Various so-
cial distancing measures have been adopted by governments worldwide,
including the closure of unessential business services and community
facilities (such as parks and playgrounds) and requiring citizens to stay
at home (Honey-Rosés et al., 2020).

Such social distancing measures and fear of virus infection risks
inevitably decrease urban residents’ physical activity levels (Constandt
et al., 2020; Giustino et al., 2020; Lesser & Nienhuis, 2020; Sekulic,
Blazevic, Gilic, Kvesic, & Zenic, 2020). A study conducted in Canada
found that 40.5 % of inactive participants and 22.4 % of active partic-
ipants reported lower physical activity levels during the pandemic
(Lesser & Nienhuis, 2020). Another study conducted in Belgium also
indicated an increase in sedentary behaviors, such as watching TV,
laying down, and sitting (Constandt et al., 2020). Moreover, among
people who were highly active before the COVID-19 outbreak, those
older than 55 years, those with lower education degrees, and those who
participated in sports club activities were found to participate in less
exercise during the pandemic (Constandt et al., 2020). Besides, a sig-
nificant decrease in the total energy expenditure and physical activity
level was observed in Italy (Giustino et al., 2020).

2.5. Research gap and our contribution

To better cope with the COVID-19 pandemic and related decline in
physical activity, it is essential to rethink the way we develop and design
cities to ensure the health and safety of urban residents. Previous pan-
demics have transformed our cities, as architects and urban planners
redesigned buildings and urban forms to cope with such pandemics
(Chang, 2020; Dejtiar, 2020; Muggah & Ermacora, 2020). For example,
the modern sewage system and greenspace design in cities were largely
driven by public health concern caused by the pandemics occurred in
19th centuries (Budds, 2020; Klaus, 2020).

So far, several studies are exploring the role of the built environment
in reducing virus transmission during this COVID-19 pandemic, such as
building ventilation system (Megahed & Ghoneim, 2020), spatial layout
(Megahed & Ghoneim, 2020), urban density (Allam & Jones, 2020),
greenspaces (Honey-Rosés et al., 2020), and land use diversity (Giirdiir
Broo et al., 2021). However, little is known about the moderation effect
of urban density on the decline of physical activity during the pandemic.
There is some indirect circumstantial evidence to support the proposi-
tion that urban density may modify the impact of the COVID-19
pandemic on physical activity. For example, the mobility reduction
was significantly lower in areas with more parks during COVID-19 for
Maryland and California, USA (Heo et al., 2020). Based on a survey in
Chengdu, China, it is found that urban parks and open spaces can afford
safe outdoor activities and improve overall health (Xie et al., 2020).

In summary, we identified two major research gaps. First, the
COVID-19 pandemic and related social distancing measures have a
significant negative impact on physical activity. However, it remains
unclear whether urban density could moderate this impact. In other
words, it remains unclear whether people living in high- or low-density
neighborhoods experienced the same levels of change in physical ac-
tivity under the COVID-19 pandemic and related social distancing
measures. This critical knowledge gap may limit our opportunities to
mitigate the decrease in physical activity caused by the current
pandemic and future epidemics.

Second, very few longitudinal analyses related to physical activity
changes during the pandemic have been conducted, especially in high-
density Asian cities. The built environments and social contexts in
Asian cities often differ from those in low-density cities in Western
countries. For example, Asian cities often feature higher urban densities,
close social ties, and more active lifestyles. Therefore, it is important to
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investigate the changes in physical activity during the pandemic in high-
density Asian cities.

To address the abovementioned gaps, we explored the moderating
role of urban density on the impact of COVID-19 on physical activity by
using a longitudinal research design. Individual physical activity levels
were collected both before and during the pandemic, and the partici-
pants’ locations were classified into low- and high-density urban areas.
Fig. 1 shows a conceptual model of the interactions between urban
density, COVID-19 pandemic, and physical activity. The urban density
was treated as the moderator in this model. We hypothesized that a low
urban density would mitigate the negative impact of COVID-19 social
distancing measures on physical activity levels. For one reason, residents
in high-density areas may have higher virus infection risks and hence
would less likely to perform outdoor activities.

This study makes the following three contributions to the literature
and society. 1) Theoretically, it was one of the first studies of the
moderation effect of urban density on the relationship between COVID-
19 and physical activity. 2) Methodologically, a longitudinal design was
adopted to better understand the rigorous association between urban
density and physical activity changes in Asian cities. 3) This study also
has important planning implications. To address the sharp global
decrease in physical activity during the current pandemic and potential
future crises, it is vital to identify the potential built environment at-
tributes that can mitigate a decrease in physical activity to create
resilient and healthy cities.

3. Materials and methods
3.1. Research design

Hong Kong is a high-density coastal city located in the southeastern
region of China. As of 2016, the gross population density of Hong Kong
had reached 6777 persons/km?. Hong Kong has a hilly terrain, and more
than 75 % of the land has been left in a relatively natural state, such as
country parks or protected areas. Thus, the population density has
reached more than 26,000 persons/km? in the urban built-up areas.

In late January 2020, the Hong Kong government released an
emergency-level notice of the COVID-19 outbreak, appealing to its cit-
izens to stay at home and avoid going out and unnecessary social in-
teractions. During our study period, all public land sports and aquatic
facilities, private fitness clubs, and facilities in public parks which
involve touch (e.g., fitness center, children playground) were tempo-
rarily closed. However, open areas or trails in public parks, greenways,
country parks, public transport and daily commercial services were
under normal operation.

The virus outbreak and changes in public policy allowed us to collect
physical activity data before (T;) and during (T3) the pandemic for
participants who lived in neighborhoods with different urban density
levels. All participants experienced the same virus outbreak and related
social distancing measures. Hence, we could observe the changes in
physical activity levels in two groups of participants (those living in
high- vs. low-density neighborhoods) during two time periods (T; and
Ty) and whether the population density could moderate the negative
effects of COVID-19 on physical activity (Fig.1).

The physical activity data were collected during two wave periods:
baseline (T;) and follow-up (T2). The baseline data were self-reported
before the virus outbreak in Hong Kong and corresponded to the
period between January 6th and 10th, 2020. The follow-up data were
self-reported during the virus outbreak between May 9th and 13th,
2020. Only participants who completed both the baseline and follow-up
self-reports were included in the study. Finally, 661 residents were
recruited. Of these, 330 lived in high-density neighborhoods, and 331
lived in low-density neighborhoods.
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Fig. 1. The research framework in this study. We collect physical activity outcomes of residents in low- and high-density neighborhoods before and during the

COVID-19 pandemic.

3.2. Study area and participants

The study areas were selected using a multistage stratified sampling
method. First, as a proxy of urban density, we used population density,
which is defined as the resident population per unit of land area in
tertiary planning units (TPUs) in Hong Kong. A TPU is a spatial unit
demarcated by the Planning Department of the Government of Hong
Kong S.A.R for town planning purposes and as a basic census statistics
unit. As mentioned above, approximately 75 % of all land in Hong Kong
is protected for conservation or nature-related purposes; thus, all TPUs
in urban built-up areas were used for this classification.

Second, the TPUs in the built-up areas were divided into quantiles
based on the population density. We defined the two highest quantiles as

the high-density areas and the two lowest quantiles as the low-density
areas.

Third, nine TPUs each were randomly selected from the high- and
low-density areas. Considering the district administration system in
Hong Kong, these selected neighborhoods were relatively well-
distributed across Kowloon, Hong Kong Island, and the New Terri-
tories. Figs. 2 & 3 shows the distribution and enormous variation of
population density in Hong Kong.

Fourth, trained interviewers visited public spaces of the selected
neighborhoods and interviewed participants with a convenient sampling
method. The sample size of each neighborhood was approximately
35-40, and all the interviews were carried out in a fixed time period
from 2 pm to 5 pm.

Fig. 2. Tertiary planning units in built-up areas were divided into quantiles based on the population density. The two highest quantiles were defined as the high-

density areas and the two lowest quantiles as the low-density areas.
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Fig. 3. Examples of study areas with low and high urban density in Hong Kong.

3.3. Physical activity

During both baseline (T;) and follow-up (Ty) interviews, the in-
terviewers asked six identical questions adopted from the International
Physical Activity Questionnaire to assess the individual physical activity
levels (Craig et al., 2003): 1) “During the past seven days, how many
days did you engage in physical activity in your neighborhood?” 2) “Of
those days, how much time did you spend on engaging in physical ac-
tivity in your neighborhood?” 3) “During the past seven days, how many
days did you visit the country parks?” 4) “Of those days, how much time
did you spend on visiting the country parks?” 5) “During the past seven
days, how many days did you engage in physical activity at home?” 6)
“Of those days, how much time did you spend on engaging in physical
activity at home?”

3.4. Covariates

Demographic data, including age (year), gender (male/female), ed-
ucation level, and family monthly income (Hong Kong dollars), were
also collected as potential covariates for the analysis. The age was
converted into a four-band variable (<18, 18-44, 45-64, 65 and above).
The education level was also converted into a four-band variable (pri-
mary school and under, middle school, high school, and post-secondary
and above). The family monthly income was categorized into five-band
variables (<HK$10,000, 10,001-20,000, 20,001-30,000,
30,001-50,000, 50,001 and above). Neighborhood-level built environ-
ment covariates, including land use mix, street connectivity, and the
number of recreation facilities, were collected as well. Street connec-
tivity was defined as the density of street intersections.

3.5. Statistical analysis

The data analysis involves two steps. First, we used paired t-test to
explore whether there were significant changes (T2 vs. T1) of physical
activity in neighborhood, at home, in country park based on the resi-
dents in low-density neighborhoods and high-density neighborhoods,
respectively.

Second, moderation analysis was conducted to examine whether the
decline in physical activity was moderated by urban density. As we
described in the literature review section, a moderator (urban density in
this study) is the third variable that modifies the strength of the effect of
an independent variable on a dependent variable (COVID-19 pandemic
on physical activity). The moderation analysis is characterized statisti-
cally as an interaction effect between the moderator and the indepen-
dent variable (urban density * COVID-19). Because our moderator is a
categorical variable, the proper statistical method is the two-way
factorial ANOVA, and the moderation effect is represented by a signif-
icant interaction effect (Baron & Kenny, 1986).

Yy = Py + P 1P+ PoM; + B3P M, + p,Covariates;

where Y; is the physical activity outcome observed for participant i at

time period t, M; is the indicator of participant i being in the high-density
neighborhood group (vs. low-density neighborhood group), and P rep-
resents the time periods before and after the pandemic (T; vs. T3). The
parameter f; indicates the interaction between the population density
and the COVID-19 pandemic, which estimates the moderation effect.
Covariates; indicates a vector of individual and neighborhood covariates.
We also plotted out the regression of physical activity on the pandemic
situation at both levels of urban density (high vs. low density) to visu-
alize the effect of the moderator. All analyses were conducted in Stata
16.0 (StataCorp LLC., College Station, TX, USA).

4. Results
4.1. Characteristics of our participants

Table 1 shows the descriptive statistics of our participants. The age
structure and gender ratio were similar for participants living in high-
and low-density neighborhoods. However, the participants living in
high-density neighborhoods tended to have a higher education level and
family income than those living in low-density neighborhoods. It is

Table 1
Descriptive statistics results of participants living in high-density vs. low-density
neighborhoods (N = 661).

Characteristics Participants living in Participants living in

high-density low-density
neighborhood neighborhood
(n = 330) (n =331)
Individual level (count (%))
Age Group (years)
<18 60 (18.2) 90 (27.2)
18-44 145 (43.9) 138 (41.7)
45-64 75 (22.7) 56 (16.9)
>65 50 (15.2) 47 (14.2)
Female 161 (48.8) 170 (51.4)
Education
Primary school or under 89 (27.0) 86 (26.0)
Middle school 54 (16.4) 53 (16.0)
High school 79 (23.9) 103 (31.1)
Postsecondary 108 (32.7) 89 (26.9)
Family House Income (HKD)
<10,000 57 (17.3) 86 (26.0)
10,001-20,000 44 (13.3) 74 (22.4)
20,001-30,000 91 (27.6) 107 (32.3)
30,001-50,000 92 (27.9) 58 (17.5)
>50,001 46 (13.9) 6 (1.8)
Neighborhood level (Mean
(SD))
Land use mix 0.56 (0.27) 0.42 (0.17)

Street connectivity (count/ 97.06 (58.88) 51.51 (14.95)

km?)

Recreation facilities (count/ 58.45 (28.12) 37.93 (18.98)
km?)

Population Density 84,064 (22,522) 29,806 (10,991)
(persons/km?)




J. Wang et al.

worth noting that the average population density in high-density
neighborhoods reaches 84,064 persons/km?, almost triples that in
low-density neighborhoods.

4.2. Changes in physical activity

Table 2 shows the physical activity levels before (T1) and during (T2)
the COVID-19 pandemic, as well as changes in physical activity levels
(T2-T1) for two groups of participants. For all participants, physical ac-
tivity levels conducted in neighborhood significantly decreased during
the pandemic (change= -28.3 min.). There is a barely significant in-
crease in physical activity conducted in country parks (change = 6.1
min.). There is no significant change in physical activity conduct at
home. For participants living in high-density neighborhood, there is a
significant decrease in the physical activity conducted in neighborhood
(change= -46.4 min.). For participants living in low-density neighbor-
hood, there is a significant increase in the physical activity conducted in
country park (change = 12.2 min.).

4.3. Moderation effect

Table 3 presents the estimations for the moderation effect analysis.
After adjusting for the individual covariates and built environment
covariates, a significant moderation effect of population density was
found on the change in the level of physical activity performed in the
neighborhood (p < 0.05). People living in a low-density neighborhood
exhibited a smaller decrease in the duration of physical activity con-
ducted in neighborhood, compared with people living in a high-density
neighborhood. Fig. 4 illustrates the effects of the pandemic situation on
the physical activity conducted in neighborhood at both levels of urban
density, which shows different slopes for these living in high and low
urban density.

No significant moderation effect of the population density on the
duration of physical activity performed in country parks or at home was
observed.

5. Discussion

The outbreak of COVID-19 and the implementation of social
distancing measures led to a sharp decrease in the physical activity level,

Table 2
Changes in physical activity outcomes. Mean and standard deviation in minutes
were reported.

High density
(N = 330)

Low density Total (N =
(N = 331) 661)

Duration of physical
activity in neighborhood
T; [Mean (SD)]

231.1 (187.3) 139.7 (107.0) 185.3

(159.1)
T, [Mean (SD)] 184.7 (143.7) 129.5 (122.1) 157.0
(136.1)
Change (T2-T1) —46.4 (125.8) —10.2 (101.6) —28.3
dedd (1156) ek
Duration of physical
activity in country park
T; [Mean (SD)] 79.9 (120.6) 62.7(102.5) 71.3(112.2)
T, [Mean (SD)] 79.9 (126.2) 74.9 (117.6) 77.4 (121.9)
Change (T2-T;) 0.0 (108.7) 12.2(113.6) ** 6.1 (111.2)
*
Duration of physical
activity at home
T; [Mean (SD)] 71.8 (104.2) 57.1(82.1) 64.4 (94.0)
T, [Mean (SD)] 64.1 (98.9) 54.2 (72.2) 59.1 (86.7)
Change (T,-T;) 7.7 (92.9) —2.9 (48.7) —5.3(74.1)

Note: The paired t-tests were conducted to compare the participant’s physical
activity levels during Ty and T5. The results are labeled with asterisks in the rows
showing the change. *p < 0.1, ** p < 0.05, *** p < 0.001.
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Table 3
Moderation effect of population density on the change in physical activity
caused by the coronavirus disease 2019 outbreak.

Estimate p-value
Duration of physical activity in neighborhood —36.208 0.021%*
Duration of physical activity in country park —4.785 0.342
Duration of physical activity at home -12.111 0.342

Note *p < 0.1, ** p < 0.5, ***p < 0.001.

which attracted the attention of public health officials and researchers
(J. F. Sallis et al., 2020). However, the impact of urban density on
physical activity changes during the pandemic remained unclear,
especially in a high-density urban context. By using a longitudinal study
and moderation analysis to address these research gaps, we yielded two
major findings.

First, for all participants, the duration of physical activity performed
at home and in the neighborhood decreased during the pandemic.
However, there was a statistically insignificant increase in physical ac-
tivity duration in country parks, especially for those living in low-
density neighborhoods. This finding concurs with those of other recent
studies, which showed that recreational activities in green spaces
increased during the COVID-19 pandemic (Lu, Zhao, Wu & Lo, 2021;
Venter, Barton, Gundersen, Figari, & Nowell, 2020). The closure of
community amenities, public sports facilities, and fitness clubs led
people to change their preferred physical activity venues from neigh-
borhood facilities to outdoor green spaces (Lu, Zhao, Wu & Lo, 2021;
Neto et al., 2020). Although the government and public health experts
regularly encourage citizens to engage in physical activity, it is difficult
to conduct regular exercises at home (Neto et al., 2020). Such issues may
be aggravated in high-density cities, such as Hong Kong. For instance,
the average living space available in public housing in Hong Kong is only
13.4 m?%/person. Given the current global crisis, green spaces in or
nearby cities can be regarded as suitable alternative physical activity
venues for improving health and as relaxing spaces to escape from the
daily stress and potential virus infection risk during the COVID-19
pandemic (Austenfeld & Stanton, 2004; Taylor & Stanton, 2007;
Venter et al., 2020).

Second, we also observed a significant moderation effect of popula-
tion density on the change in physical activity conducted in the neigh-
borhood. People living in low-density neighborhoods had a smaller
decrease in physical activity than those living in high-density neigh-
borhoods. This finding indicates that a low urban density potentially
mitigated the negative effect of the COVID-19 pandemic on physical
activity performed in the neighborhood. This result is in line with a
recent study conducted in Canada, which reports that youth living in
low-density neighborhoods encouraged outdoor physical activities
during the pandemic, though that studies did not conduct moderation
analysis (Mitra et al., 2020). There are three tentative explanations for
this finding: a) the association between the population density and the
real or perceived risk of virus infection, b) the closure of indoor physical
activity facilities, and c) the use of different transportation modes in
different areas.

a) Person-to-person contact has been confirmed as the major trans-
mission mode of SARS-CoV-2 (Klompas, Baker, & Rhee, 2020; Zhang, Li,
Zhang, Wang, & Molina, 2020). In a study conducted in China,
SARS-CoV-2 transmission was shown to occur mostly through close
human contact (Qian et al., 2020). People living in high-density areas
might have a higher possibility of interaction with others and would thus
face a higher human-to-human transmission risk than those living in
low-density neighborhoods, both intentionally and unintentionally
(Kocak Tufan & Kayaaslan, 2020). Therefore, people living in
high-density neighborhoods may not be willing to expose themselves to
a crowded neighborhood environment to perform physical activity.
Conversely, it is easier for people living in low-density neighborhoods to
adhere to social distancing measures when performing physical activity
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Fig. 4. Changes in physical activity (physical activity) performed in the neighborhood for two groups (high-density vs. low-density). People living in low-density
areas had a smaller decline in physical activity conducted in neighborhood, while people in high-density areas had a larger decline.

in the neighborhood because they have more outdoor space per person;
this means a less-crowded neighborhood environment and a lower risk
of virus infection.

b) Most of the indoor sports and recreational facilities in Hong Kong,
such as sports centers, private fitness centers, and gyms, are located in
high-density urban areas. Thus, when the government announced the
closure of these facilities, people living in high-density neighborhoods
received a larger impact than those living in low-density neighborhoods,
which have fewer such facilities. On the other hand, low-density
neighborhoods tend to have more open green spaces (e.g., parks and
greenways), which remain open in Hong Kong during the study period.
Hence, people in low-density neighborhoods can still access such green
spaces for physical activity.

c) Residents living in areas with different densities may have
different transportation mode choices, and these might have been
different levels affected during the pandemic. Evidence has shown that
people living in low-density communities are more inclined to travel by
private car, whereas those living in high-density communities prefer to
walk or use public transportation (Nguyen, Kato, & Phan, 2020; Sun,
Ermagun, & Dan, 2017). During the COVID-19 pandemic, the use of
public transportation and walking plummeted due to concerns about
overcrowded spaces and virus infection, whereas driving was less
affected (Beck & Hensher, 2020; De Vos, 2020). Thus, walking for
transportation purposes may have decreased among people living in
high-density neighborhoods, leading to a reduction in total physical
activity in neighborhoods.

Urban density is a key planning factor that significantly impacts
urban social and economic activities (Lu, Sun, Gou, Liu, & Zhang, 2019).
Traditional and contemporary urban planning theories often advocate
high urban densities for various reasons. High-density urban develop-
ment is one of the most efficient approaches and benefits both com-
mercial development and the urban quality of life (Luo, O’Connor, &
Enquist, 2016). Moreover, a high-density urban form promotes social
equality by promoting lifestyle benefits for people in low-income
groups, such as improved public transport, better access to facilities,
and reduced social segregation (Burton, 2000).

However, our study results suggest that a low urban density provided
resilience to the decreases in physical activity observed in urban resi-
dents during the COVID-19 pandemic. There is emerging evidence that
the COVID-19 infection rate tends to be higher in high-density cities

(DiMaggio, Klein, Berry, & Frangos, 2020; Huang et al., 2020; Stier,
Berman, & Bettencourt, 2020), suggesting that an open and porous
urban structure produces a more resilient city that can face the chal-
lenges of viral pandemics. Scholars in public health and urban studies
have already called for a reconsideration of the development and (re)
design strategies in our cities when coping with pandemics. Some have
argued that more street space should be liberated for pedestrians and
cyclists, which would move us closer to greener cities (Nieuwenhuijsen,
2020). Others have highlighted the importance of urban green spaces,
especially those that serve as refuges in densely populated and bustling
cities (Lu, Zhao, Wu & Lo, 2021; Venter et al., 2020). Hence, public
health officials should shift their focus from policies of social distancing
to policies that incorporate a proper urban form as an effective inter-
vention strategy to combat virus outbreaks (Honey-Rosés et al., 2020;
Venter et al., 2020).

This study also has several limitations. First, people tend to over-
report their physical activity levels, which is a common bias to collect
physical activity levels with surveys (Sallis & Saelens, 2000). Future
studies may objectively measure physical activity levels, such as via
accelerometers. Second, the follow-up data were collected only five
months after the baseline data. Future studies may be needed to inves-
tigate the potential long-term changes in physical activity, given that the
global COVID-19 pandemic is still ongoing at the time of writing. Third,
some other potential factors that may affect the relationship between
COVID-19, urban density, and physical activity, such as the number of
COVID-19 cases, indoor thermal comfort, and air quality, were not
analyzed in this study (Megahed & Ghoneim, 2020; Raj, Velraj, &
Haghighat, 2020). Finally, this study was conducted in a single city. The
high urban density in Hong Kong may limit the potential generalizability
and transferability of the current findings. Evidence from other cities,
especially those with a medium or low density, is required to verify our
findings.

6. Conclusion

We adopted a longitudinal study design to evaluate the moderation
effect of urban density on the relationship between the COVID-19
pandemic and physical activity. This is one of the first studies to
examine the moderation effect of urban density on physical activity
changes during this pandemic. Our findings indicate that the current
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COVID-19 pandemic and the implementation of related social distancing
measures have negatively impacted physical activity levels, except
physical activity duration in country parks. Furthermore, a lower urban
density mitigated the negative impact of the COVID-19 pandemic on the
change in physical activity performed in neighborhoods. Based on our
findings, we tentatively suggest that a flexible and porous urban
development strategy, such as urban development with adequate green
and open space reservation, should be emphasized in future urban
planning practices to avoid the risk of virus outbreaks and to promote a
sustainable urban future.
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