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ABSTRACT

In recent years, there has been growing concern about the decline in human green space use and nature-based
recreation in Western countries. While some evidence suggests that the COVID-19 pandemic led to increased
recreational mobility in urban green spaces, it is unclear whether the pandemic led to nationwide changes in
green space use in both densely and less densely populated neighborhoods, as well as whether social inequalities
in green space use were reinforced or attenuated by the pandemic. To address these questions, we used daily
nationwide aggregated mobility data from more than 2 million cell phone subscribers in 14,331 geographical
grids across Norway to examine potential changes in mobility in green spaces as measured by the normalized
difference vegetation index (NDVI) during the pandemic. Additionally, we controlled for weather conditions,
holiday periods, and neighborhood sociodemographic characteristics. The results from linear mixed model an-
alyses showed a 9.4% increase in recreational visits in the greenest spaces during the pandemic. Notably, this
increase was most prominent in neighborhoods of low socioeconomic status (SES) and was observed in both
high- and low-population density neighborhoods, although the increase was somewhat stronger in neighbor-
hoods with low population density. Our study findings suggest that the COVID-19 pandemic has played a role in
increasing nationwide green space use in Norway and potentially narrowing the gap of green inequalities, thus
highlighting the importance of preserving and promoting green spaces as a public health resource, particularly in
disadvantaged neighborhoods.

1. Introduction

COVID-19 (Hu et al., 2021). However, no studies have thus far used
aggregated mobility data to examine whether the COVID-19 pandemic

The onset of the coronavirus pandemic in 2020 caused countries
around the world to implement unprecedented social distancing mea-
sures to stop the spread of COVID-19. During the COVID-19 crisis,
spending time in and nearby nature provided individuals with the op-
portunity to escape confinement and socialize while avoiding places
with a high risk of disease transmission, such as malls, cafés, cinemas,
and restaurants. Indeed, some studies have reported an increase in the
use of natural spaces during the initial 6 months of the pandemic (Venter
et al., 2020; Venter et al., 2021; Bristowe and Heckert, 2023). Previ-
ously, information collected from mobile phones on the movements and
locations of individuals has been used to track population-level mobility
patterns and understand the spread of infectious diseases such as
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led to nationwide changes in the use of green spaces for recreation,
whether social inequalities in access to green space decreased or were
exacerbated during the pandemic, or whether there were differences in
green space use between densely populated and less densely populated
neighborhoods.

Exposure to green spaces promotes well-being, is beneficial for a
range of health outcomes (Yang et al., 2021; Browning et al., 2022), and,
thus, plays an important role in achieving the UN sustainability goal of
good health and well-being for all. Green spaces provide social meeting
places and are beneficial for health and well-being because they provide
opportunities for physical activity, attention restoration, and stress
reduction (Markevych et al., 2017; Remme et al., 2021). Moreover, the
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presence of green spaces mitigates air pollution, cools the air tempera-
tures, and reduces ambient noise in the environment (Diener and Mudu,
2021; Paull et al., 2020).

Nonetheless, over the past decades, there have been signs of a gen-
eral reduction in people’s exposure to nature. For example, evidence
suggests that young people spend less time outdoors in green spaces than
previously and, instead, devote more time to electronic media (Hofferth,
2009; Reid Chassiakos et al., 2016; Larson et al., 2018). Moreover, there
is evidence of declines in national park visits in countries such as the U.
S., Japan, and Spain, as well as reductions in engagement in outdoor
camping and time spent hiking outdoors (Pergams and Zaradic, 2008).
However, the COVID-19 pandemic led to drastic lifestyle changes all
around the world due to the associated curtailment of public mobility
(Musselwhite et al., 2020). Indeed, during the COVID-19 lockdowns,
green spaces provided safe places for outdoor activity, as they allowed
people to maintain a sufficient distance between themselves to avoid
disease transmission. In fact, Venter and colleagues reported an
approximately 300% increase in outdoor recreation activity during the
pandemic lockdown in urban areas of Norway (Venter et al., 2020;
Venter et al., 2021). However, these studies were restricted to Oslo, the
capital of Norway, and relied on crowdsourced mobility data from the
Strava fitness app, which is biased toward the inclusion of middle-aged,
socio-economically advantaged, and physically active population
groups (Venter et al., 2023).

Aside from changes in green space use over time, there is evidence
from before the pandemic of social inequalities in exposure to nature;
specifically, neighborhoods with low socioeconomic status (SES) had
less proximity to green spaces compared to those with high SES (Rigolon
et al., 2018). It is also known that people with low SES experience more
mobility restrictions (Bessell, 2022). For example, mobility constrictions
are more severe in areas with economic inequalities (Bonaccorsi et al.,
2020), among people with low education and income (Chen et al., 2022;
Wang and Tang, 2020), and among ethnic minorities (Mackey et al.,
2021; Yancy, 2020). However, research on how social inequalities in the
nationwide use of green spaces might have changed with the pandemic
is currently lacking.

On the one hand, larger burden of restrictions, lack of access to
greenspace, limited resources and a dependence on public transport may
have led to less recreational greenspace exposure during the pandemic
among those living in less affluent neighborhoods. On the other hand,
increased use of home office across all socioeconomic strata may have
evened out socioeconomic differences in greenspace use by introducing
more flexibility for people in low SES neighborhoods to engage in
nature-based recreation. However, very little is known about how the
pandemic may have influenced such inequalities in exposure to
greenspaces.

There may also be differences between densely populated and not so
densely populated neighborhoods with respect to use of greenspace, and
changes in use of greenspace during the pandemic. In Norway, built-up
areas account for only 1.7% of the land cover, with the remaining land
being dominated by forests and mountain ecosystems, which are ideal
for outdoor recreation (Statistics Norway, 2022). Therefore, even
though more than 80% of Norwegians live in densely populated areas,
most people have nature close to where they live. However, people
living in rural neighborhoods with vast space surrounding them may
have been less affected by mobility restrictions than those living in
densely populated neighborhoods, meaning the changes in green space
use in rural areas during the pandemic may be smaller than the changes
observed in densely populated neighborhoods.

During the pandemic in Norway, residents were allowed to spend
time outdoors if following restrictions on social distancing. The first
lockdown in Norway was announced on March 12th, 2020, during
which schools, kindergartens, fitness centers, hair salons, restaurants,
and similar public spaces were closed, and cultural events and sports
gatherings were banned. As of March 13, 2020, a ban on visits to Norway
through Norwegian airports was enforced, with exceptions for citizens
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returning home. Furthermore, healthcare professionals working with
patients were prohibited from leaving the country, and leisure travel
was strongly discouraged for all citizens. However, public transport
schedules continued as normal. During the summer of 2020, the re-
strictions were somewhat eased, but all the restrictions were lifted for
the first time on September 21st, 2021. As shown in Fig. 1A, there was a
sharp increase in the stringency index for the national-level restrictions
in March 2020, and this level of restriction was sustained during the
study period from January 2019 to November 2021 (with a maximum
restriction stringency score of 80). The most prominent increase in the
number of new COVID-19 cases occurred during the fall of 2020, and
this number reached a peak during the fall of 2021, with 2,485 new
cases of COVID-19 per 100,000 inhabitants recorded in one day.

We therefore ask: Did the COVID-19 pandemic and associated social
distancing measures result in increased usage of greenspaces, and if so,
did such changes vary by neighborhood socioeconomic characteristics
and population density? Considering the above research, we hypothe-
size that 1) the number of dwells (i.e., visits) in green spaces may have
increased during the COVID-19 lockdown compared to the previous
year, even after controlling for the possible confounding effects of
weather conditions, neighborhood population density, neighborhood
SES, and public and school holidays. Moreover, we hypothesize that 2)
social inequalities in the use of green space may have increased during
the COVID-19 pandemic, with a lesser increase in green space exposure
in neighborhoods characterized by low education, low household in-
come, and a larger proportion of immigrants. Finally, we hypothesize
that 3) changes in mobility in green space during the pandemic may
have been more pronounced in urban areas compared to rural areas.

We used daily aggregated mobile tracking data from more than 2
million cell phone subscribers in 14,331 geographical grids across
Norway, population registry data on sociodemographic factors, and
remote sensing (Normalized Difference Vegetation Index) to examine
whether the onset of the COVID-19 pandemic and the associated re-
striction policies affected the nationwide recreational use of green
spaces.

2. Methods
2.1. Study area and data structure

Norway is a country in North-Western Europe with a population of
about 5.5 million people, of which 82.4% live in densely populated
areas. Norway has a total land area of 323,782 km?, of which 1.7% is
built-up areas and 3.5% is agricultural land. The remaining land area is
covered by forests (37.6%), grassland/heathland (37.4%), bare rock
(7.4%), inland waters (6.2%), wetland (5.3%), and permanent snow and
glaciers (0.8%) (Statistics Norway, 2022). Norway is geographically
divided into 356 municipalities and 1,550 smaller neighborhoods
(administrative units that are used by the municipalities and regional
authorities for statistical analysis and planning purposes). The neigh-
borhoods were, in turn, subdivided into 14,331 geographical grids
ranging from 500 m x 500 m to 64,000 m x 64,000 m. Each neigh-
borhood contained an average of 8.3 grids. Grids with a low frequency of
visits, typically in remote areas, were of larger sizes than gids with
higher frequencies of visits in order to maintain anonymity of the mobile
phone subscribers. The dataset included data for 1036 days ranging from
January 1, 2019, to November 1, 2021. Thus, our data included a total of
14,846,916 observations (grid days).

2.2. Daily recreational dwells

We obtained aggregated mobility data regarding daily dwells from
the Norwegian telephone company Telia, which has approximately 2
million users. All mobile phones registered to Telia’s network were
tracked, using signal triangulation to locate the mobile phone in space,
and the data were further modeled to represent the whole Norwegian
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Fig. 1. A: Information about COVID-19 infection rates were obtained from the Norwegian Surveillance System for Communicable Diseases. Recreational dwells are
raw mobility scores across all grids. Information about national level restriction policies were obtained from the Oxford COVID-19 Government Response Tracker
(Gascon et al., 2016). The COVID-19 Stringency Index uses nine metrics (school closures, workplace closures, cancellation of public events, restrictions on public
gatherings, closures of public transport, stay-at-home requirements, public information campaigns, restriction on internal movements and international travel
controls), and provides daily scores ranging from 0 to 100 (less strict to stricter response). For parsimony, New COVID-19 cases and the Restrictions Stringency Index
were scaled from 1 to 100. B: The proportion of daily dwells (rolling mean) in green grids was defined as the product of number of model implied predicted dwells
and green grids. Green grids was defined with a variable coded 1 to indicate NDVI score above 0.77 (1 SD above the mean), and 0 to indicate NDVI score below 0.77),
divided by the total number of dwells. (Daily green dwells = %W). C - E: Predicted scores of the log transformed number of recreational dwells before
and after the pandemic across all levels of vegetation density (NDVI). Low and high neighboorhood SES reflect the minimum and maximum SES scores, respectively.
Low and high neighboorhood population density reflect neighboorhoods that fall in to the first and third tertile, respectively. F: Change in municipality averages of
the number of dwells in green grids (NDVI greater than 0.6). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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population as closely as possible. To maintain anonymity, the mobile
company was in control of the data anonymization. Additionally, ac-
tivity was only registered if there were five or more mobile phone sub-
scribers in a grid within a specified period. Mobility data was generated
from both active (e.g. sending an SMS or using data) and passive events
(phone stwitches connection from one cell tower to another). In 2020,
the average of the daily median time between signals per device was
320.50 s, and the average of the daily median number of signals per
device was 237.97 s per day.

For this study, daily interval data from January 1, 2019, to
November 1, 2021, were collated, and the “daily recreational dwells” in
a grid were defined as the number of mobile phones stationary within a
grid cell for at least a 20 min duration per day. If the mobile phone was
stationary in a location between 09.00 and 17.00, the dwell was cate-
gorized as a work dwell. If the mobile phone was stationary in a location
overnight, the dwell was categorized as a home dwell. For this study, all
the dwells that were not categorized as either a work or home dwell
were categorized as a recreational dwell.

Out of the 14,331 grids, the grid sizes included 500 m x 500 m (28.6
%), 1,000 m x 1,000 m (18.19%), 2,000 m x 2,000 m (16.0%), 4,000 m
x 4,000 m (16.5%), 8,000 m x 8,000 m (11.9%), 16,000 m x 16,000 m
(8.7%), 32,000 m x 32,000 m (0.69%), and 64,000 m x 64,000 m
(0.18%). Overall, the signal quality was good, but on some days, there
was a drop in the number of signals compared to the baseline, which
could indicate that there were problems with the mobile network
infrastructure. This occurred for 13 days in 2019, 14 days in 2020, and 9
days in 2021. However, the drops in network signal were not persistent
over time and were spatially random and, thus, did not confound our
statistical models.

2.3. Green space

The density of green space was defined using the normalized dif-
ference vegetation index (NDVI) (Rhew et al., 2011), which is a widely
used remote sensing index that quantifies the normalized difference
between visible and near-infrared reflectance and serves as a proxy for
vegetation cover. We used data from the Terra Moderate Resolution
Imaging Spectroradiometer (MODIS) Vegetation Indices (MOD13Q1)
Version 6.1 (Didkan, 2021). Data were collected every 16 days at 250 m
x 250 m spatial resolution, and the algorithm chose the best available
pixel value from the 16 day acquisition period based on the following
criteria: low cloud cover, a low view angle, and the highest NDVI value.
Since the broader literature shows that that an integrated annual NDVI is
a strong proxy for green space exposure (Dadvand et al., 2012; Gascon
et al., 2016), we calculated the median scores between January 1, 2019,
and January 1, 2020. We used median instead of mean NDVI values
because arithmetic means easily provide bias due to outlier NDVI values
resulting from cloud contamination (Flood, 2013). The NDVI were
aggregated to the mobility data grid by calculating the mean NDVI value
within each grid cell.

2.4. Weather data

We gathered ERA-Land Hourly - ECMWF Climate Reanalysis data
(Munoz Sabater, 2019) regarding the snow depth, solar radiation, wind
speed, and temperature for each grid with mobility information, and
these weather data were collected at daily intervals from January 1,
2019, until November 1, 2021. ERA5-Land is a reanalysis satellite
dataset that provides a view of the changes in land variables over several
decades at a high resolution.

Specifically, the snow depth was defined as the average snow
thickness on the ground (excluding snow on the canopy) in meters. The
surface solar radiation was defined as the amount of solar radiation (also
known as shortwave radiation) reaching the surface of the Earth in a
certain area. Data on this variable were collected at daily intervals, and
the units of surface solar radiation are joules per square meter (J m~2).
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The temperature was defined as the air temperature at 2 m above the
surface of the land, sea, or inland waters. The windspeed was defined as
the square root of the sum of the squared eastward component of the 10
m wind and the squared northward component of the 10 m wind based
on the following equation: windspeed = sqrt([U x U] + [V x V]). The
eastward (U component) and northward (V component) wind vector
components represent the horizontal speed of the air moving toward the
east and north, respectively, at a height of 10 m above the surface of the
Earth, and the units of these values are meters per second.

2.5. COVID-19 pandemic- and time-related variables

As an indication of the onset and duration of the COVID-19
pandemic, a dummy variable coded as 0 or 1 was used to indicate,
respectively, the pre-lockdown period in Norway (January 1, 2019, to
March 11, 2020) and the time after the onset of the first lockdown from
March 12, 2020, until November 1, 2021. We also created a dummy
variable for school holidays at the municipality level, which was coded
as 1 if a date was during a school holiday and coded as 0 if not. Public
holidays were also dummy coded in the same way as for school holidays.
Seasonal meterological trends in activity were modeled by including
dummy variables that were coded as 1 to indicate days that fell within
the winter (December, January, February, March), summer (June, July,
August), or autumn (September, October, November) seasons. Follow-
up analyses modelling seasonal trends with a dummy variable for each
calendar month resulted in similar fixed and random effect estimates
and p-values.

2.6. Neighborhood socioeconomic status (SES) and population density

Data regarding the neighborhood SES and population density were
obtained from Statistics Norway.

Population density. We calculated the neighborhood population
density by dividing the neighborhood population by the land area to
determine the number of people living in each square kilometer of the
neighborhood. Due to the non-normal distribution and right skew of the
resulting population density variable, this variable was stratified based
on tertiles (Fuertes et al., 2014) into low (<18.2 people/kmz), middle
(>18.2 people/km? and < 270 people/km?), and high (>270 people/
km?) population density categories.

SES. Firstly, the proportion of residents in each neighborhood who
had completed graduate-level higher education was assessed. Data
regarding the educational attainment of the population was collected by
examining the proportion of residents aged 16 years or older who had
completed their education at an educational institution as of December
31, 2020. Secondly, the median income for households was determined
by summing all the monetary income (in Norwegian Kroner [NOK], both
taxable and tax-exempt) of the people who lived permanently in the
same dwelling as of December 31, 2020. All the amounts were calcu-
lated as constant prices based on the previous year’s consumer price
index. Thirdly, the population proportion of immigrants in a neighbor-
hood was calculated using the number of immigrants and Norwegian-
born children to immigrant parents as of December 31, 2020. Immi-
grants were defined as individuals born abroad to two foreign-born
parents and four foreign-born grandparents. In accordance with an
already established approach (Pedersen et al., 2015), the education
level, median income, and immigrant population proportion were z-
standardized and averaged to create a composite neighborhood-level
SES variable.

2.7. Analysis

As the hierarchical structure of the data comprised daily observa-
tions from geographical grids (grid-days) nested within these
geographical grids, which were, in turn, nested within the correspond-
ing neighborhoods, multilevel mixed linear analyses with random
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intercepts were applied. Grid-level variables regarding the snow depth,
surface solar radiation, temperature, and windspeed were included as
control variables to control for the possible confounding effects of
weather on dwells. The effects of the onset of the pandemic on daily
dwells over and above the seasonal trends in weather variables were
modeled. To model the effect of the pandemic on activity in green
spaces, an interaction term between the COVID-19 pandemic period
dummy and NDVI was included in the analysis. To examine differences
between rural and urban areas, as well as to examine any social in-
equalities in the use of green spaces, we specified three-way cross-level
interaction terms of NDVI and the COVID-19 pandemic dummy to
neighborhood SES and population density. To manage the count data,
we used the natural logarithms of the dependent variable in the mixed
model analyses. Logarithmic transformation has an additional advan-
tage, as it allows for the interpretation of the estimated effects from
dummy variables in terms of percentages (Gelman et al., 2020). All
predictor variables were mean centered before they were entered in the
multilevel mixed model.

2.8. Missing data

Table 1 provides information about completeness of data for each of
the variables used in the study. Overall, 6.1 % of the data were missing.
Missing data on recreational dwells were due to the anonymization
procedure of the mobile company, setting all daily visits in a grid below
5 to missing that day. We were unable to obtain SES data from one of the
neighborhoods due to a very low population causing Statistics Norway
to anonymize the information by deleting values. We were unable to
obtain NDVI and weather data for 2,249 grids that were not covered in
the original remote sensing data. Welch’s t-tests showed that grids
containing missing data had sligthy less recreational dwells; t
(3387999.74) =-19.73, p < 0.001. Grids containing missing data on any
of the predictor variable had slightly higher SES (t(4435815.16) =
92.79, p < 0.001) and population density (t(4428348.62) = 429.68, p <
0.001) compared to grids with complete data. Importantly, the pattern
of missingness was such that missing values were constant across the
entire time series. Missing data were handled by listwise deletion. After
incomplete cases were removed, 10,201,513 valid observations in
12,082 grids and 1,459 neighborhoods were used in the multilevel
mixed model.

Table 1
Descriptive statistics for variables under study.
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3. Results

Table 1 shows descriptive statistics across the whole study period
and before and during the pandemic for all study variables. Daily rec-
reational dwells ranged from 5 to 67,305 across grids, with a mean of
273.70 daily dwells. Fig. 2 shows that across the entire duration of the
study, vegetation density (as measured by the NDVI) at the grid level
was moderately and negatively correlated with the number of daily
recreational dwells, suggesting that there were more daily dwells in
areas with low vegetation density compared to areas with high vegeta-
tion density. Moreover, there was a moderate negative correlation be-
tween the NDVI and population density and a weak positive correlation
between the NDVI and neighborhood SES, indicating that densely
populated and less affluent areas contained less green space than more
affluent areas and areas with lower population density.

Table 2 presents the results from the multilevel mixed model analysis
with the number of daily recreational dwells (log transformed) on the
grid level as the dependent variable. Model 1 revealed no change in the
number of recreational daily dwells after the onset of the pandemic
compared to the baseline period before the pandemic. However, when
adjusting for the NDVI, neighborhood SES, population density, public
holidays, school holidays, season, and weather variables in Model 2, the
number of daily recreational dwells decreased by 5% after the onset of
the pandemic, thus indicating an overall reduction in daily recreational
activity after the pandemic started when controlling for covariates.

In Model 3, we found a positive interaction effect between the COVID
dummy variable (coded O for the prepandemic period and 1 for the
period during the pandemic) and NDVI, suggesting that recreational
dwells increased more in grids with higher vegetation density after the
onset of the pandemic. Post-hoc probing of the interaction displayed in
Fig. 1Cindicated that after the onset of the pandemic, there was a 9.44%
increase in recreational dwells in the areas with the highest vegetation
density (NDVI = 0.91), while there was a 5.54% decrease in recreational
dwells in the areas with the lowest vegetation density (NDVI = 0.06). In
line with this finding, Fig. 1B demonstrates a sharp increase in the
proportion of recreational dwells in green grids that began during the
spring of 2020 when the pandemic started.

Table 2, Model 4, shows a significant negative three-way interaction
between the COVID dummy, NDVI and neighborhood SES. Post-hoc
probing, as shown in Fig. 1D, revealed that during the pandemic, rec-
reational dwells in high-vegetation density, low-SES areas increased by
18.10% (NDVI = 0.91, SES z-score = —1.44), whereas they decreased by
10.35% in high-vegetation density, high-SES neighborhoods (NDVI =

Total Prepandemic period Period during the pandemic
perid days neids pnbrhd Min - max Mean SD Mean SD Mean SD

Recreational dwells 12,294,957 13,783 1540 5-67,305 273.70 618.43 287.23 728.90 263.63 521.05
Recreational dwells (log) 12,294,957 13,783 1540 1.61-11.12 4.83 1.29 4.83 1.31 4.83 1.27
NDVI 14,846,916 13,850 1540 0.06-0.91 0.66 0.11 0.66 0.11 0.66 0.11
Nbhrd SES 14,348,600 14,327 1539 —1.41-1.44 0 0.31 0.00 0.31 0 0.31
Nbrhd population density 14,842,772 14,331 1540 1-3 2 0.82 2.00 0.82 2 0.82
COVID-19 dummy 14,845,456 14,331 1540 0-1 0.58 0.49 0.00 0.00 1.00 0.00
School holiday dummy 14,846,916 14,331 1540 0-1 0.26 0.44 0.22 0.42 0.28 0.45
Public holiday dummy 14,846,916 14,331 1540 0-1 0.03 0.18 0.03 0.17 0.03 0.18
Winter dummy 14,846,916 14,331 1540 0-1 0.32 0.47 0.44 0.50 0.23 0.42
Spring dummy 14,846,916 14,331 1540 0-1 0.18 0.38 0.14 0.35 0.2 0.4

Summer dummy 14,846,916 14,331 1540 0-1 0.27 0.44 0.21 0.41 0.31 0.46
Autumn dummy 14,846,916 14,331 1540 0-1 0.24 0.42 0.21 0.41 0.26 0.44
Snow depth (meters) 12,212,288 12,616 1460 0-23.08 0.24 0.64 0.28 0.63 0.21 0.64
Solar radiation (J m — 2) 12,212,288 12,616 1460 0-17.80 5.27 4.45 4.34 4.22 5.96 4.49
Temperature (degrees celcius) 12,212,288 12,616 1460 —28.73-26.43 5.57 7.96 4.05 7.65 6.67 8.00
Windspeed (m/s) 12,212,288 12,616 1460 0-20.01 2.34 1.74 2.37 1.78 2.32 1.70

Note. For parsimony, solar radiation values are provided in million joules. The means of the dummy variables can be interpreted as proportions. Nbrhd = neigh-
borhood. NDVI = Normalized Difference Vegetation Index. SES = Socioeconomic status. NDVI, SES and Population density were treated as fixed variables (i.e. it was

assumed that they did not change during the study period).
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Fig. 2. Pearson’s Bivariate Correlations of study variables. Note. p < 0.001 for all non-zero coefficients. SES = Neighborhood socioeconomic status. NDVI =
Normalized Difference Vegetation Index. Weighted dwells = Recreational dwells weigheted by neighborhood population.

0.91, SES z-score = 1.44).

Post-hoc probing of the significant positive three-way interaction
between covid dummy, NDVI and population density (Table 2, Model 4)
showed a 3.2% increase in recreational dwells in high-vegetation den-
sity areas with low population densities (NDVI = 0.91, population
density = 18 inhabitants/km?) and a 0.8% increase in dwells in high-
vegetation density areas with high population densities (NDVI = 0.91,
population density = 270 inhabitants/km?). Fig. 1F shows the change in
the proportion of recreational dwells in high-vegetation density areas
(NDVI greater than 0.6) on the municipality level in all Norwegian
municipalities from before to after the onset of the pandemic. The
pattern revealed increases in recreational visits to areas where Norwe-
gians typically go to their cabins or summer houses, as well as in the
municipalities in northern Norway that are popular tourism destinations
(such as Lofoten).

4. Discussion

This study aimed to examine whether daily visits (dwells) to green
spaces changed during the COVID-19 pandemic, as well as whether any
changes in green space use differed between affluent and less affluent
neighborhoods and between densely populated and less densely popu-
lated neighborhoods. The results of our study revealed an increase in the
proportion of daily recreational dwells in grids with high vegetation
density during the pandemic compared to the baseline period of 2019
and 2020 before the pandemic, and this increase was most prominent in
neighborhoods with low SES. We also found that the increase in recre-
ational green space use occurred both in neighborhoods with high and
low population densities but that the increase was somewhat greater in
neighborhoods with low population densities.

Our finding of a substantial increase in the proportion of daily dwells
in areas with high vegetation density is consistent with previous
research reporting large increases in recreational activity in green spaces

in urban areas during the pandemic (Bristowe and Heckert, 2023).
Therefore, our study contributes to the existing literature by demon-
strating a nationwide relative increase in green space exposure. How-
ever, our study also contributes to the existing knowledge base by
highlighting the different effects of the pandemic on green space use
across urban and rural areas, as well as high-SES and low-SES neigh-
borhoods. Indeed, our findings suggest that the lockdown restrictions
led to a considerable decrease in daily dwells in densely populated and
low-vegetation density areas.

The COVID-19 pandemic and the associated widespread lockdowns
and social distancing measures had an impact on people’s daily routines,
habits, and psychosocial functioning. Indeed, as indoor recreational fa-
cilities closed, many people likely started seeking outdoor activities that
would allow them to adhere to social distancing measures while still
engaging in leisure pursuits. In this context, green spaces may have
provided a safe and accessible place for outdoor activities such as
walking, jogging, cycling, and hiking (Labib et al., 2022). Moreover,
previous research has shown that the pandemic led to an increase in
mental health problems due to social isolation and the disruption of
daily routines (von Soest et al., 2022). Since green spaces have been
shown to have a positive impact on mental health by reducing stress and
increasing social connection (Yang et al., 2021), people may have
increasingly turned to green spaces to escape the stresses of the
pandemic.

In our study, we found that the positive impact of the pandemic on
green space use was most prominent in neighborhoods with low SES. It
is known that low-SES neighborhoods were more affected by the nega-
tive economic and social impacts of the pandemic (Bessell, 2022;
Bonaccorsi et al., 2020). As people living in these areas experienced
higher levels of stress, the increased use of green spaces in these
neighborhoods during the pandemic may reflect that the green spaces
provided opportunities for individuals in those neighborhoods to reduce
stress and improve their mental health, social connection, and well-
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Table 2
Results from multilevel mixed model analysis.

Daily recreational dwells (log)

Fixed effects

Model 1 Model 3 Model 4
Intercept 462" 466" 464"
COVID-19 dummy 0.00 " —0.05 """ —0.04""
NDVI -1.09 " -1.08""
Neighborhood SES 0.16 " 0.16 "
Neighborhood 0.04 " 0.04 "
population density
School holiday 0.09 """ 0.09 """ 0.08 """
dummy
Public holiday 0.01 ™" 0.01 ™" 0.01 """
dummy
Winter dummy -0.03 """
Summer dummy 0.03 """
Autumn dummy —0.02""
Snow depth (meters) ~0.14""
Solar radiation (J m 0.09 ™
-2
Temperature (degrees 0.10 """ 0.10 """ 0.10 "
celsius)
Windspeed (m/s) —-0.04"" —0.04"" —0.04 """
COVID-19 dummy * 0.14 """ 0.04 "
NDVI
COVID-19 dummy * —0.11""
NDVI *
Neighborhood SES
COVID-19 dummy * 0.04 "
NDVI *
Neighboorhood
population density
Random Effects
o2 0.29 0.27 0.27 0.27
Too &4 1.27 1.18 1.18 1.18
Tgp Meighborhood 0.51 0.24 0.24 0.24
ICC 0.86 0.84 0.84 0.84
N &rid 12,082 12,082 12,082 12,082
N neighborhood 1459 1459 1459 1459
Observations 10,201,513 10,201,513 10,201,513 10,201,513
Marginal R? / 0.000 / 0.165 / 0.168 / 0.169 /
Conditional R? 0.860 0.867 0.868 0.868

Note. NDVI = Normalized Difference Vegetation Index. SES = Socioeconomic
status.
*p < 0.05 ** p < 0.01 *** p < 0.001.

being.

Concerning social inequities in green space use, our study revealed
that the highest-SES neighborhoods displayed nearly equal green space
and non-green space usage rates. In contrast, low SES neighborhoods
had significantly more dwells in non-green areas and fewer dwells in the
greenest areas. This social difference in green space use was evident both
before and during the pandemic, but the difference declined slightly
during the pandemic as compared to before the pandemic. This suggests
that the pandemic may have had a positive effect on green space equity
by somewhat reducing the gap in green space access between high-SES
and low-SES neighborhoods. This finding contrasts with cross-sectional
surveys conducted in other countries that have shown high SES to be a
predictor of increased greenspace use during the pandemic (Bristowe
and Heckert, 2023; Burnett et al., 2022). The inconsistency between our
study’s findings and those of other studies could be due to Norway’s
egalitarian society and strong social welfare system, which likely helped
the low-SES neighborhoods cope better during the pandemic. Addi-
tionally, Norway’s high level of green space availability and cultural
emphasis on outdoor activities and nature may have contributed to the
increased green space use across all socioeconomic groups during the
pandemic and the reduction in the disparities between high-SES and
low-SES neighborhoods.

Our study also showed that the COVID-19 pandemic was related to
increased green space use in neighborhoods with both high and low
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population densities, although the increase was most prominent in
sparsely populated neighborhoods. Low-population density neighbor-
hoods are likely to have more ample green spaces available, which could
explain the more notable increase in green space use in these areas
during the pandemic. In contrast, people in neighborhoods with high
population densities may face difficulties in practicing physical
distancing even within the green areas available to them. As a result, the
residents of densely populated areas may have opted to prioritize
greenspaces over non-green public spaces for leisure activities to a lesser
degree.

Notably, in neighborhoods with high population densities and low
SES, we observed a more substantial decline in the number of visits to
non-green areas. This finding is consistent with previous research
showing greater mobility contraction in urban areas and in areas with
lower income per capita (Bonaccorsi et al., 2020). The overall decline in
mobility during the pandemic may have been more pronounced in urban
areas and low-SES neighborhoods due to the higher risk of transmission
and reduced opportunities for leisure activities in these areas, respec-
tively. For example, in non-green areas, such as shopping centers or
restaurants, may have been closed or operated with reduced hours
during the pandemic, thus reducing the opportunities for leisure activ-
ities outside of the home in densely populated neighborhoods. More-
over, low-SES neighborhoods may have fewer opportunities for remote
work, meaning that during the pandemic, the residents were required to
commute to work, thus reducing their opportunity and mobility to
engage in recreational activities. It is also possible that both densely
populated and low SES neighborhoods have little green space available,
meaning that residents are required to travel outside their neighbor-
hoods to find green spaces and such opportunities for recreation.

This study has several strengths, including the use of nationwide
mobility data from more than 2 million cell phone subscribers combined
with population registry data, satellite data, and daily weather infor-
mation to examine the effects of the COVID-19 pandemic on green space
use in Norway. Specifically, we used objective measures to identify the
number of daily dwells in green spaces and distinguished between
different categories of activities such as working, staying at home, and
non-home or non-work-related dwells. This methodology allowed us to
capture a comprehensive picture of the impact of the pandemic on green
space use across different socio-economic and geographic areas in
Norway.

However, there are also some limitations in this work that should be
acknowledged. Our measure of daily dwells in green spaces did not
differentiate between people living in an area and those visiting that
area. Therefore, it is possible that some of the increases we observed in
green space use were due to an influx of visitors from outside the area
rather than an increase in usage by the local residents. To identify rec-
reational dwells, we excluded dwells that were deemed work-related or
overnight stays at home. However, we could not conclusively differen-
tiate recreational dwells from other types of mobility, such as shopping
or restaurant visits. Therefore, some dwells classified as recreational
dwells in this study may have been of a non-recreational nature.

Furthermore, in this study, we utilized the NDVI as a proxy for the
amount of accessible green space in an area, but grid cells with a very
high NDVI may be inaccessible for recreation use (e.g., train tracks or
private properties). The mobility data are short in terms of exact location
and purpose of visits. We could not differentiate between mobility
within different land cover types if a grid cell contained a mosaic of land
cover. Rather, we examined how moility changed within very green
versus less green areas. Additionally, the mobility data did not contain
demographic information on the individual level, and was likely biased
toward middle-aged people and may under-represent children and
elderly demographics. Moreover, the mobile company from which the
data were obtained uses an algorithm that attaches the location of the
mobile device to the nearest housing, which may mean that dwells in
very remote wilderness areas may not be accounted for in the dataset.
We also focused only on green space but did not consider blue spaces in
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this work. Indeed, it is likely that people living near open water used
such areas for recreation during the pandemic (Korpilo et al., 2021). We
also note that our study focused only on Norway, and it is possible that
the results may not be generalizable to other countries or regions with
different cultural, socio-economic, and geographical characteristics.

Despite these limitations, the findings of this study have several
implications for public health and urban planning. Firstly, the observed
increase in green space use during the pandemic highlights the impor-
tance of access to green spaces for promoting physical activity, mental
health, social connection, and overall well-being. Increasing access to
and use of green space is particularly important in densely populated
urban areas and areas with low socio-economic status, where access to
greenspaces is limited. Furthermore, the study highlights the need for
enhancing the equitable distribution of greenspaces across different
socio-economic and geographic areas. The social inequity in green space
use observed in this study suggests that efforts are needed to ensure that
all communities have access to high-quality greenspaces that are safe,
accessible, and well-maintained. Finally, the study underscores the need
for ongoing monitoring and evaluation of green space use to inform
evidence-based urban planning and public health policies. Indeed, such
planning and policy-making could involve the use of objective measures,
such as mobility data, to assess the impact of different interventions on
green space use, as well as the collection of data on individual behaviors
and attitudes toward green space use.

5. Conclusion

Our study provides important insights into the impact of the COVID-
19 pandemic on daily activity in green spaces in Norway and the po-
tential socio-economic and geographic disparities in green space use.
Our findings suggest that the pandemic had a significant impact on the
use of green spaces, particularly in neighborhoods with low socio-
economic status. The observed increase in green space use during the
pandemic underscores the importance of access to green spaces for
promoting physical activity, mental health, and overall well-being.
However, our study also highlights the need for enhancing the equi-
table distribution of greenspaces and the ongoing monitoring and
evaluation of green space use to inform evidence-based urban planning
and public health policies.
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