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Givenaccumulating evidence that highlights the negative effect of the
COVID-19 pandemic on public mental health, we examine green space
accessibility as a potential mitigator. Based on mobility data from 2 million
mobile phone users within London between January 2019 and December
2020, we found that, after the COVID-19 outbreak and during lockdowns,
residential neighbourhoods within 800 m of the nearest green space had
ahigher proportion of green-space travellers (0.9-1.4 percentage points)
compared with other neighbourhoods. Next, using multiwave datawitha
matched sample of 4,998 individuals across towns and cities in the United
Kingdom, we demonstrate that individuals who lived close to green spaces
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experienced much less mental distress than those who lived farther away
during lockdown periods. We imply that enhancing green space accessibility
for residential neighbourhoods can help citizens become more resilient to
future pandemics with mobility restrictions.

Since the first known cases in late December 2019, the COVID-19 pan-
demic has posed unprecedented challenges for everyone worldwide.
Owingtotheincreasedrisk to public health, many countries have sub-
sequently adopted policies to reduce mobility, such as lockdowns
and safe-distancing measures. Although these policies are effective in
alleviating the burden onintensive care units and reducing the number
of new COVID-19 infections'?, recent research has identified many con-
sequent negative outcomes. For example, COVID-19 lockdowns resulted
inadversities arising from social isolation, inactivity, decreased family
and social support, and financial hardship’. Besides the negative eco-
nomic and social consequences of population mobility restrictions
dueto COVID-19 (ref. *), research also highlights the heightened issues
of public mental health® ™,

Evidence produced fromrepresentative cohortstudies provided
us with a clear comparison of individuals’ pre- and in-pandemic psy-
chological states, which showed heightened psychological distress

and arise in the proportion of people experiencing significant levels
of mental illness® %", These findings are not completely surprising,
considering similar findings in past epidemic events. For example,
individuals experienced symptoms of depression and post-traumatic
stress disorder during the quarantine order for the severe acute respira-
tory syndrome (SARS) epidemic'>*. Nevertheless, given the dilemma
between the policy needs of mobility restrictions and their negative
outcomes, we urgently need to identify potential tools to mitigate
such outcomes and maintain the level of public (mental) health even
during lockdowns.

Based on areview of 24 studies, scholars have pointed out a few
solutions and highlighted that we should keep quarantine orders
as short as possible while providing quarantined individuals with
more information and support (for example, reducing boredom
with improved communication) and encouraging people to partici-
pate in voluntary precaution and mobility restriction®. Although the
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Fig.1|Differencesin travellers per week in 2020 compared with the
corresponding week in2019 in London alongside the timeline of COVID-19
lockdowns and UKHLS waves. For the UKHLS, each wave of the survey was
conducted for 1 month and some waves overlapped with lockdown periods
(dotted boxes). With the mobility data available for the period of January 2019
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to December 2020, we calculated the change in the number of travellers in each
week of 2020 relative to the same week 0of 2019 (year-over-year change). We
did the same calculation for the ratio of travellers to green spaces out of total
travellers.

investigation of these quarantine ordersis important, lockdown poli-
cies (that is, stay-at-home orders) and compulsory social-distancing
measures pose a substantial threat toamuchlarger number of people
as their daily activities are fully or partially restricted. Therefore, it is
stillimportant for us to understand how we can successfully mitigate
the detrimental effect of these measures.

Toaccomplish this goal, we explore researchin environmental psy-
chology, particularly on the effect of green space exposure on public
mental health. Exposure to green spaces have been widely recognized
to promote mental health and wellbeing for a variety of populationsin
different circumstances'®™™. Previous research suggests negative asso-
ciations between green space exposure and psychological distress® 2.
Accumulating research has also pointed out the potential beneficial
effects of green spaces during COVID-19, when the mobility of the
general public was restricted on a compulsory or voluntary basis* .
Research has also shown that people changed the amount of time spent
visiting green space and urban green infrastructure after COVID-19 and
during lockdowns?%. To contribute to this booming literature, this
study seeks to better understand how the change in public mobility
is related to the beneficial effects of green spaces on mental health
during the COVID-19 lockdowns. We aim to adopt a more precise way
of documenting the ecological-level mobility information of residents
during COVID-19 lockdowns. Doing so can enable us to accurately
observe mobile activitiesinamuch smaller areacompared with other
methods (for example, Google Mobility Reports)?.

Research has shown that living closer to green spaces supports
mental and general health and also helps prevent depressioninyoung
adults”. COVID-19 lockdowns highlighted the need for outdoor walks
tonearby parks. Infact, Google searches for ‘go for awalk’ significantly
increased right after lockdown orders in many countries®. However,
the surge ininterest in going for short walks is not always matched by

the supply of green spaces (for example, parks and gardens), especially
in high-density urban areas®*. This highlights another important
question: Is the mental health of some individuals more adversely
affected by the COVID-19 pandemic and lockdowns than others due to
unequal access to green spaces? A recent BMJ/commentary highlighted
the importance of equal access to green spaces during the COVID-19
pandemic and called for more academic and political attention to this
issue®. Research over the past three years has responded and started
to pay attention to the relationship between green space accessibility
and mental health since the outbreak of COVID-19. From the Web of
Science database, we found 241 empirical articles from various subject
fields, including public health, environmental studies, urban studies
and planetary studies. Some have used panel data to examine the
relationship, surveying individuals’ green space activities and mental
status®***, and others have tried to examine general mobility patterns
during the COVID-19 pandemic™.

Thereis, however, little empirical testing that combines rigorous
mobility datawith panel dataof arelatively large, representative sample
using a validated mental health scale. By adopting mobility data from
2 million mobile phone users and the multiwave longitudinal survey
data, this study presents a thorough empirical examination of the
relationship between mobility to green spaces and mental health sta-
tus after COVID-19 and during lockdowns. Furthermore, our research
highlights accessibility to green spaces as a crucial feature for both
green-space travel and mental wellbeing, which has importantimplica-
tions for not only mental health services but also urban planning and
policymaking. We choose to examine this questionin London, United
Kingdom (UK), as it provides us with a great opportunity to carry out
large-scale, quasi-experimental analyses by uniquely utilizing mobile-
phone-based mobility data and multiwave surveys during and after
lockdown periods.
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Table 1| Descriptive statistics of travel data in London

Variables LSOAs within 800 m of the nearest LSOAs farther from the nearest
green space (treated LSOAs) green space (comparison LSOAs)
Mean s.d. Mean s.d.
Total number of travellers during non-work hours 1,316.92 1,559.24 1,234.88 1,431.24
Total number of green-space travellers during non-work hours 78.33 287.04 36.27 102.09
Proportion of green-space travellers during non-work hours 5.96% 10.95% 2.90% 2.90%
Proportion of green-space travellers before COVID-19 5.67% 5.67% 3.01% 4.84%
Proportion of green-space travellers after COVID-19 6.31% 12.85% 277% 5.70%
Proportion of green-space travellers during non-lockdown periods after COVID-19 6.26% 12.07% 2.84% 2.84%
Proportion of green-space travellers during lockdown periods after COVID-19 6.46% 14.94% 2.58% 6.46%
Demographic characteristics (2019, 2020)
Population 1,867.71 441.81 1,849.58 527.33
Male 45.62% 49.81% 43.15% 49.53%
Under 18 years old 21.50% 5.24% 23.69% 4.78%
18-39 years old 35.22% 10.19% 32.35% 8.77%
40-59 years old 26.28% 3.82% 26.46% 3.12%
60-89 years old 16.33% 5.99% 16.82% 6.10%
Over 89 years old 0.68% 0.60% 0.67% 0.58%
White 73.44% 15.31% 68.50% 17.94%
Asian 15.80% 13.57% 20.72% 16.94%
Black 6.44% 5.36% 743% 5.99%
Other races 4.30% 2.39% 3.33% 21%
Socioeconomic characteristics (English Indices of Deprivation 2019)
Index of Multiple Deprivation score 20.67 10.77 2216 10.97
Income score (rate) 0.13 0.08 0.14 0.07
Employment score (rate) 0.08 0.05 0.09 0.05
Education, skills and training score 10.25 8.84 15.31 10.26
Health deprivation and disability score -0.44 0.79 -0.34 0.63
Crime score 0.27 0.58 0.25 0.56
Barriers to housing and services score 30.03 918 32.89 9.99
Living environment score 31.81 10.96 2715 10.37
Income Deprivation Affecting Children Index score 017 010 018 0.09
Income Deprivation Affecting Older People Index score (rate) 0.23 014 0.23 013
Number of LSOAs 2,49 2,686
Number of LSOAs x weeks (96 weeks) 206,063 257,198

Non-work hours include 16:00-24:00 on working days and 08:00-24:00 on weekends and bank holidays. The English Indices of Deprivation 2019 comprises seven different domains that
are combined and weighed to generate the LSOA's Index of Multiple Deprivation score out of 100. A higher score means more deprivation. Income Deprivation Affecting Children Index and
Income Deprivation Affecting Older People Index are supplementary indices for income. For more detailed descriptions of the data, refer to online guidance®'.

Results

We used a sample of mobile location records from 4,835 residential
lower layer super output areas (LSOAs, defined as neighbourhoods in
this paper), which are the smallest geographic units available for major
UK administrative dataand contain about 1,500 residents on average.
Figure 1 shows that the total number of travellers within London sig-
nificantly decreased after the COVID-19 outbreak by 25% compared
with the pre-COVID-19 period. The most significant drop of 55% was
seenwhenthe firstlockdown was imposed. Interestingly, even during
lockdowns, more people tended to travel to green spaces thanto other
spaces while general mobility showed a significant downward trend.
Starting from April 2020, the probability that anindividual would travel
to green space relative to other places increased compared with the
same weekin2019. We attempt to perform spatial analyses and identify

which LSOAs within London experienced higher or lower increasesin
the proportion of green-space travellers during lockdowns compared
with the average amountin2019. Extended Data Fig.1shows that LSOAs
inred (those withincreasing probability of travel to green spaces dur-
ing lockdowns compared with pre-COVID-19 periods) mainly cluster
around major green spaces in London. Thisimplies that LSOAs closer
togreenspaces were much morelikely toseeanincreasein the propor-
tion of travellers to green spaces than other LSOAs.

Table1provides summary statistics for the subsamples of LSOAs
whose edges were within 800 m of agreen space edge (treated LSOAs)
and those further away from green spaces (comparison LSOAs). The
probability that peopleresidingin treated LSOAs travel to green spaces
relative to non-green spaces within London was double compared
with residents in other LSOAs. This difference in travel behaviours by
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Fig.2|Green-space distance gradient for the ratio of green-space travellers during non-work hoursinLondon. a, Green-space traveller ratio before and after
COVID-19 outbreak. b, Green-space traveller ratio during non-lockdown and lockdown periods

proximity to green spaces was most significant when people were stuck
at home. After the COVID-19 outbreak, more residents in the treated
LSOAs travelled to green spaces while fewer in the comparison LSOAs
did so. During the lockdowns, more people living closer to green spaces
travelled to green spaces while fewer living farther did so, compared
with non-lockdown periods. Figure 2 shows consistent results, with
the green space distance gradient for the proportion of green-space
travellers. While demographic characteristics were quite similar for
the treated and comparison LSOAs, residents in treated neighbour-
hoods were more likely to be white. While the treated LSOAs were less
deprived in general than comparison neighbourhoods, they were
slightly worse in terms of health desirability, crime and living environ-
ment, potentially because planned green spaces are more likely to be
located in higher density areas.

Our empirical model results report the effect of being located
closer togreenspaces onthe probability of travelling to green spaces.
Cross-sectional estimates show pre-existing conditions that the pro-
portionof green-spacetravellers within Londonis about 1.4 percentage
points higher in neighbourhoods within 800 m of the nearest green
space than in neighbourhoods located farther (Table 2). If we only
account for post-COVID-19 periods, the difference in this proportion
is slightly larger at 1.6 percentage points, implying the increasing
importance of the distance to green spaces for the travel patterns
to green spaces. Table 2 also shows the estimation results of the
difference-in-difference (DID) specification that adds the temporal
variations (before versus after the COVID-19 outbreak and lockdown
versus non-lockdown). Ingeneral, the proportion of travellers to green
spaces relative to other places decreased by 0.3 and 0.2 percentage
points after the COVID-19 outbreak in London and during lockdowns.
However, the probability of travelling to green spaces from LSOAs that
were closer to green spaces was approximately 0.9 percentage points
higher compared with other London neighbourhoods with similar
characteristics but located farther from green spaces. During the
lockdowns, these neighbourhoods experienced an additional increase
of 0.5 percentage points in the proportion of green-space travellers.
Giventhatthe average proportion of green-space travellersin London
was 4.2%, the total increase of 1.4 percentage points during lockdown
periods is significant. Additionally, the increase is much greater than
the generalreductioninthe proportion of green-space travellers after
COVID-19 and during the lockdowns (0.3 and 0.2 percentage points,
respectively). Our results suggest that green space accessibility plays
anevenmore importantroleintravel to green spaces when people face
strict restrictions on movement. Note that for our robustness test, we
use the ratio of green-space travel out of total travel counts and the
results are consistent (Extended Data Table 1).

After establishing the evidence on the significant role of proximity
to green spacesin the higher probability of travelling to green spaces

after the COVID-19 outbreak and during lockdowns, we next analysed
the mental distress of residents. From a sample of 4,998 individuals
matched from the original sample 0f 19,020 survey respondents from
the UK Household Longitudinal Study (UKHLS), Table 3 shows that peo-
ple reported higher mental distress during the lockdowns compared
with post-COVID-19 non-lockdown periods. In particular, respond-
entsliving farther than 800 m from green spaces (comparison group)
experienced amore substantial increase in their mental distress score
during the lockdowns. Their mental distress score was 0.5 higher on
average during the lockdowns compared with post-COVID-19 non-lock-
down periods. Those living closer to green spaces (treatment group)
experienced an average increase of 0.35in the score. Asindividualsin
the treatment and comparison groups showed quite homogeneous
characteristics after matching (Table 3), this difference in the change
inmental distress scores s likely to be attributable to the proximity of
one’sresidencetogreenspaces. The treated individuals tended toearn
more than their matched counterparts even after matching and thisis
potentially because green spaces in our data are planned spaces that
are more likely to be concentrated in cities with higher productivity.
Table 4 shows that the mental distress score is not statistically
different for individuals residing within 800 m of the nearest green
space (treatment group) and their matched counterparts who have
similar attributes but reside farther from green spaces (comparison
group). These results with only the spatial variation suggest a null
effect of the accessibility to green spaces on mental health in pre-
existing conditions. When we use the DID specification, adding the
temporal variation between lockdowns and non-lockdowns, the dif-
ference in the average mental health scores between the treatment
and comparison groups remains statistically insignificant at the 10%
level. Then, results report that the mental distress score is 0.605 higher
during lockdowns compared with non-lockdown periods, which is
substantial given the average score is only 2.31for our matched sample.
Nonetheless, individuals residing close to green spaces were able to
offset this increased mental distress score by 0.106 more than those
in the comparison groups. Finally, we performed a robustness test
with the matched subsample of London residents. The results demon-
strate that theincrease in the mental distress score during lockdowns
is even higher for London residents (0.734 for London versus 0.605
for the UK). Also, green space accessibility plays a more important
role in reducing this score for London residents (-0.378 for London
versus —0.106 for the UK). These results suggest that while the urban
environment with higher density may be more vulnerable to mental
distress during lockdowns, enhancing green space accessibility could
mitigate such arisk. In addition, we observe that treated individuals
hadlessvolatile psychological distress scores betweenlockdownand
non-lockdown periods than their matched counterparts. In particular,
in the last wave of the UKHLS, which fell in a lockdown period, the
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Table 2 | Empirical estimation of the impact of proximity to green spaces on the proportion of green-space travellers

Cross-sectional DID Cross-sectional DID (post-COVID-19)
(post-COVID-19)
Coef. sem. P Coef. sem. P Coef. sem. P Coef. sem. P
LSOAs located within 800 m of the 0.014 0.002 0.000 0.010 0.002 0.000 0.016 0.003 0.000 0.015 0.002 0.000
nearest green space
After COVID-19 outbreak -0.003 0.000 0.000
Lockdown -0.002 0.000 0.000
LSOAs within 800 m of the nearest 0.009 0.001 0.000
green space and after COVID-19
LSOAs within 800 m of the nearest 0.005 0.001 0.000
green space and lockdown
Observations 463,261 463,261 212,41 212,411
R? 0.227 0.232 0.237 0.237
Demographic characteristics Yes Yes Yes Yes
Socioeconomic characteristics Yes Yes Yes Yes
Local authority fixed effects Yes Yes Yes Yes
Month fixed effects Yes Yes Yes Yes

Standard errors (s.e.m.) are clustered at the LSOA level. The analysis uses two-sided statistical tests.

treatment group showed a much lower median mental distress score
than the comparison group, suggesting that people living closer to
green spaces were able to better stabilize their mental status during
lockdowns (Extended Data Fig. 2).

Discussion

This study first examined how London’s population mobility to green
spaces changed after COVID-19 outbreak and during lockdowns and
then explored how better access to green spaces could affect psycho-
logical distress with a longitudinal cohort sample during lockdowns.
The overall number of travellers within London has significantly
decreased after the COVID-19 outbreak as compared with the same
weeks in 2019, and the most significant drop was seen when the first
lockdown was imposed. This trend was similarly discovered by many
studiesin other contexts. For example, the average time spentin non-
residential locations decreased by 40% in response to various mobility
restriction policies across 80 countries globally”. Our study built an
empirical model that considers population mobility patterns derived
fromanonymous mobile phone data. Thisapproachisarguably better
than using other available mobility data (including air and rail travel
records, GPS loggers, Google records, apps or other social media
sources) as the latter could only capture the trajectories of subpopula-
tions that use specific transport tools or mobile applications®®. By con-
trast, the comprehensive coverage of mobile phone users aged 15-65
years with amarket share of 25% can help obtain amorerepresentative
sample for the whole populationin London, and an accurate reflection
of movement patterns between their residences and high-frequency
destinations. Additionally, this study integrated location information of
registered green spacesin London and examined whether the antenna
polygon ofthe travel destination of mobile phone users from different
residential neighbourhoods overlaps with green spaces. Suchinvestiga-
tion unveiled that anindividual’s probability to travel to green spaces
rather than other places hasincreased compared with the same period
in2019, and the tendency to increase travel to green spaces continued
during lockdowns even when general mobility decreased.

While the COVID-19 outbreak has substantially affected popula-
tion mobility patterns within London owing to people’s voluntary
precautionary behaviours, lockdown orders have brought an even
higher reduction in mobility. When people were ordered not to leave
home without a reasonable excuse, they immediately reduced more

than half of their travel activities®**°. Even with this reduced mobility,
the probability of travelling to green spaces relative to other places
showed a quick recovery about one week after the first lockdown order.
Additionally, lockdown measures appeared to have different effects
on populational mobility across different stages of the outbreak. In
the period of our sample, we observed a much higher reduction in
the year-over-year mobility changes during the first lockdown order
than duringthe second lockdown. A potential reason could be that the
second order (27 days) was much shorter than the first (91 days), and
moving around would have been a more appealing option if allowed
during the first order when the weather was more suitable for move-
ment and outdoor activities (that is, summertime) than the second
(that is, wintertime). In addition, people likely adjusted their travel
behaviours from the continuing pandemic by the time they reached the
second order. Interms of travel to green spaces, we found amore stable
trend during the second lockdown, which could again be attributable
totravel behaviour adjustment. The probability of travelling to green
spacesinstead of other places during the second lockdown is consist-
ently higher than in the same weeks in 2019.

More importantly, this study examined how proximity between
residence and green spaces can affect individuals’ mobility during
lockdowns. After the COVID-19 outbreak and during the lockdowns,
individuals who lived close to green spaces were more likely to visit
those spaces than other non-green spaces. These findings echo the
discoveries from some of the urban sustainability and environmental
studies. Forexample, previous studies found that stressed individuals
like to access green spaces more than other spaces*, that neighbour-
hood greenery can help to facilitate social support*?, and that publicly
accessible neighbourhood nature can be associated with residents’
increased sense of community belonging, whichin turnimproves men-
tal health outcomes*’. Additionally, a previous review in environmental
research has also pointed out the benefits of accessing green space on
improving wellbeing, by reducing exposure to environmental stressors,
restoring capacities, and building capacities'. Recently, urbanresearch
also showed that green infrastructure across cities caninterplay with
respondents’ residential locations, as well as their socio-demographic
profiles and lockdown policies, to predict residents’ outdoor recrea-
tion behaviour*:. In fact, the unequal access to green spaces presents
atroubling picture to policymakers, as individuals who live more than
800 m away from green spaces tended to travel less to green spaces
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Table 3 | Descriptive statistics of matched survey datain
the UK

Variables Individuals living Individuals living

within 800m of the farther from the
nearestgreenspace  nearest greenspace
(treatment) (comparison)
Mean s.d. Mean s.d.
Total score of mental 2.36 3.32 2.26 3.29
distress
Total score of mental 2.49 3.33 2.45 3.35
distress during lockdown
periods
Total score of mental 214 3.30 1.95 317
distress during non-
lockdown periods
Demographic characteristics
Age 54.21 16.94 54.96 16.33
Gender (male versus 42.80% 49.48% 42.07% 49.37%
female)
White 86.88% 33.76% 90.92% 28.73%
Black 2.50% 15.63% 1.82% 13.38%
Number of household 1.63 1.25 1.64 1.22
members
Number of children 0.38 0.80 0.35 073
Having a partner 71.43% 4517% 71.50% 4514%
Economic characteristics
Household monthly earning £4,189.67 £14,503.48 £3,415.81 £12,780.11
Individual monthly earning  £1,716.01 £6,298.52  £1,41413 £5,310.86
Having financial difficulties  3.81% 19.15% 4.58% 20.90%
Health status
Having long-term health 39.95% 48.98% 41.35% 49.25%
issues
COVID-19 infection 0.67% 8.16% 0.76% 8.67%
Number of days doing 2.69 2.60 261 2.57
moderate activities
Moderate/heavy drinker 46.42% 49.87% 46.54% 49.88%
Smoker 6.70% 25.01% 7.23% 25.90%
Number of individuals 2,496 2,496
Number of individuals x 15,529 15,730

survey waves

Treatment and comparison groups for this matched sample are derived by the PSM
procedures. The purpose of PSM is to ensure individuals in treatment and comparison
groups to be highly homogeneous with respect to their demographic, economic, and
health attributes.

than those who have better access. This by itself might not be anissue
asthe mobility restriction measures were meanttoreducesocial inter-
actions and population mobility. However, this study highlighted the
potential issue in regard to impaired psychological wellbeing.

By using the longitudinal household sample in the UK to track
temporal changes in national mental health from before COVID-19
to the subsequent lockdown period, this study examined how indi-
viduals’ psychological wellbeing was affected during the pandemic
with detailed time series data. Unlike previous inquiries with similar
data®*, we associated the survey data with the individual’s residence
information and further investigated whether living close to green
spaces helped individuals battle the negative influence of lockdown on
their psychological wellbeing. Similar to a previous study®, we found
that individuals were significantly distressed during the lockdowns
(versus non-lockdown periods) after accounting for all relevant factors.

In particular, we observed a 0.605 increase in the psychological dis-
tressscore.

Supporting our main hypothesis, we found that, during lock-
downs, individuals who lived close to green spaces (that is, within
800 m)sawamuch smallerincreaseinthe distress score thanthose who
lived farther away after controlling for all other potential determinants
of mental healthknowninthe literature. We also found that mental dis-
tress states, asrepresented by the General Health Questionnaire scores,
were much more stable forindividuals who lived close to green spaces
thanthose who lived farther away. Thisis particularly interesting as we
identified a potential group of the population that had a higher volatil-
ity of psychological distress during lockdowns. Unlike prior studies that
focused on examining effects of the individual characteristics—such
as gender; age; educational attainment and socioeconomic position;
Black, Asian, and minority ethnic backgrounds; and living conditions
(forexample, living alone)**~*—this study identified an environmental
factor that can provide policymakers with an opportunity to intervene.
Building from the seminal work that has shown the positive effect of
simply having awindow view of a natural setting on the speed of recov-
ery and quality of postoperative experiences®, this study suggested
that residing in a place close to public green spaces could also have a
significantly positiveimpact onindividuals’mental health, especially
when their mobility is restricted by lockdown orders.

Additionally, lockdown measures during the COVID-19 pandemic
provided abetter context to examine the effects of green space acces-
sibility than quarantines in previous epidemics. For the majority of
residents in London during lockdowns, certain travel outside of the
home was permitted so they could travel to green spaces. Because
quarantines of previous epidemics posed stronger mobility restrictions
and the number of affected individuals was typically smaller than an
entire city lockdown, they provided no opportunity to observe public
mobility, especially to green spaces®. To our knowledge, this is one of
the first studies to combine public mobility data with a longitudinal
household survey and systematically examine how lockdowns affect
the level of public mental distress with a focus on exposure to green
spaces. The unique datasets enabled the long-term tracking of public
mobility and mental health before and during COVID-19. Although we
didn’ttest this proposition directly for those who cannot travel outside
oftheirresidences at all duringlockdowns (for example, someone with
quarantine orders), we have reason to believe that providing a place
withaview of green spaces®, incorporating vertical greenery (that s,
theintegration of vegetation onto the vertical structures of buildings)*',
orevenaplasmadisplay of nature®?, could be beneficial for the mental
wellbeing of such individuals.

Overall, our findings echo recent research on how local green
spaces can help to promote citizen mobilities during COVID-19 (ref. >*),
and demonstrate a higher level of aggravating psychological distress
for those who cannot access green space easily (that is, those living in
areas not within walking distance). As countries and cities around the
world face the risks of future lockdowns, these findings emphasize the
importance of supporting and paying attention to individuals who have
inferior access to green spaces. Some cities like Paris and Singapore
have already begun plans to enhance accessibility to green spaces for
more residential neighbourhoods and they are likely to be in a good
position to prevent excessive mental illnesses during similar future
pandemics®**. Besides creating more quality green spaces, policymak-
ers canconsider expandingtrails and green networks to provide better
environments for walking to larger green spaces and to ensure more
equal access to green spaces for all citizens during lockdowns. Itis key
to supporting more vulnerable groups during the current pandemic
and those in the future.

Thiswork has limitations, which could spark future research. First,
because of the data limitations, our two analyses were performed with
different samples and at different geographic scales (that is, mobility
analysis in London and mental distress analysis in the UK). Ideally,

Nature Mental Health | Volume 1| February 2023 | 124-134

129


http://www.nature.com/NatMentHealth

Article

https://doi.org/10.1038/s44220-023-00018-y

Table 4 | Empirical estimation of impact of living closer to green spaces on psychological distress

Cross-sectional

DID (all UK respondents) DID (London respondents)

Coef. s.e.m. P Coef. s.e.m. P Coef. sem. P
Living within 800 m of the nearest green space 0.07 0.072 0.324 0129 0.080 0.109 0405 0.251 0106
Lockdown 0.605 0.059 0.000 0734 0190 0.000
Living within 800 m of the nearest green space -0.106 0.050 0.035 -0.378 0.163 0.021
and lockdown
Observations 31,259 31,259 3,314
R? 0.097 om2 0.134
Demographic characteristics Yes Yes Yes
Economic characteristics Yes Yes Yes
Health status Yes Yes Yes
City fixed effect No Yes Yes
Wave fixed effect No Yes Yes

Standard errors (s.e.m.) are clustered at the LSOA level. The analysis uses two-sided statistical tests. The specification includes the wave fixed effects to make adjustment for multiple

companions across different survey waves.

we would have wanted to obtain the travel information of individual
survey respondents so that we could directly associate their travel pat-
terns to green spaces with their mental wellbeing. Next, although we
believe that we have done our best to identify individual mobility and
associate that with green space location, there could still be some mis-
calculation onthelocation of the individuals given that the size of the
antenna could potentially cover areas with both green and non-green
spaces. Finally, our analyses on mental health do not fully account for
potential confounders related to the built environment such as walk-
ability, bike-ability, and the level of noise, which could be important
for the mental health of residents, especially when they stay longer
in their residences after COVID-19 and during the lockdown. Future
research would benefit from further investigating clearer underlying
mechanisms through whichgreen spaces mitigate the negative impacts
of COVID-19 on mental health. Also, as lockdown measures vary signifi-
cantly by country and by region, more comparative analyses would be
useful to generalize empirical results.

Methods

Ethical regulations

The study was conducted in compliance with the EU General Data Pro-
tection Regulationand theinternal privacy policies of Telefénica. Ethics
approval for the COVID-19 web and telephone surveys (ETH1920-1271)
in UKHLS, amajor datasource for this study, was granted by the Univer-
sity of Essex Ethics Committee, which also approved out use of this data.

Datasources

Our datacome fromseveral sources (Extended Data Fig. 3). Thefirstis
adataset on the weekly bilateral flow information of 2 million mobile
phone users from their residence (origin) to destinations within Lon-
donovertheperiodJanuary 2019 to December 2020. We were granted
access toanonymized mobility datafrom Telefonicathat contain aggre-
gated counts of travel between antenna points and donotinclude any
personally identifiable information. The data consist of travel counts
and travel frequency between antenna points within London as well
as the time spent in the destination; stays were longer than 1 hour to
exclude temporary movements by car and/or public transport. Existing
research using mobile phone datasuggests1-1.5 hours as the threshold
for stable detection of location changes®**’. Additionally, as the differ-
enceinthetravel counts between30 minand1hwasnotsignificantin
our data, we believe that the 1-hour threshold is a reasonable choice
and safer from possible noise. In our analysis, we define ‘travel’ as an
event where amobile phone user connects to anon-home antennafor
over 1 hour, using pre-identified information about the home antenna.

This means that we do notaccount for the antennas connected on the
way to the destination antennas. Our datainclude travelinformation for
bothwork hours (08:00-16:00 on working days) and non-work hours
(16:00-24:00 onworking days and 08:00-24:00 on weekends and bank
holidays). To perform the analysis with resident characteristics at the
temporally stable geographic level, we perform spatial interpolation
from the origin-destination flows between antenna points to flows
between the residential LSOAs and green/non-green space destina-
tions. A more detailed explanation of the mobility data processing is
presented in Supplementary Discussion 1.

Second, we marked the location information of a broad range
of open spaces with good vegetation coverage including registered
public parks, cemeteries and town squares in London provided by
Historic England in August 2021 (ref. **). The data contain 1,699 entries
inEngland and 168 listings in London as of August 2021. The advantage
of using these data is that we could control for the level of attractive-
ness, accessibility and maintenance of green spaces that are open to
the public by focusing on registered green spaces instead of small,
unregistered spaces that may be exclusive or specialized (for example,
community gardens and golf courses). More detailed explanations for
our choice of greenspaces are provided in Supplementary Discussion 2.
Byidentifying whether the destination locations belong to these green
spaces based ontheinterpolated mobility flows, we obtained the ratio
ofthe number of green-space travellers relative to the number of total
travellers from eachresidential LSOA in a given week. We use this ratio
during non-work hours for our main analyses because travel to green
spacesisarecreational activity that does not occur frequently during
work hours. We demonstrate that results using the ratio of green-space
travel out of total travel counts are consistent with those using this
mainmeasure. To account for demographic and socioeconomic char-
acteristicsat the LSOA level, we use the LSOA-level data on population
characteristics for 2019 and 2020 provided by the Office for National
Statistics®, as well as 2020 data on ethnic composition from the Con-
sumer Data Research Centre, which was obtained with special permis-
sion®®. We also use the 2019 English Indices of Deprivation for the 4,835
LSOAs in London provided by the Ministry of Housing, Communities
and Local Government®. The data include diverse neighbourhood
indicators onincome, employment, education, health, crime, barriers
to housing affordability and local services, living environment, and
income deprivation affecting children and older people.

Our final dataset was generated from the UKHLS in 2020 and
2021, provided by the University of Essex, to assess individuals’ psy-
chological distress levels®***, The data contain various information
onrespondentssuchas age, gender, race, family composition,income

Nature Mental Health | Volume 1| February 2023 | 124-134

130


http://www.nature.com/NatMentHealth

Article

https://doi.org/10.1038/s44220-023-00018-y

and physical health conditions across eight different waves of COVID-
19. After cleaning up the data with no or missing responses, we have
unique responses of 19,020 residents across cities and towns in the
UK. The basic nature of this survey is a longitudinal study that fol-
lows the same sample of people over time, although eachwave adds a
smallnumber of people into the sample with cross-sectional sampling
weights. For our main analyses, we use the panel sample with longitu-
dinal sampling weights. We also received special permission to obtain
the residence LSOA information of respondents, which enables us to
measure the distance of one’s residence to the nearest green spaces to
approximate their probability to travel to green spaces. As only 2,073
survey respondentsresidein London, and thisnumber becomes even
smaller after matching, we use the UK sample for our main analyses and
perform the robustness test with the London subsample. Full details
ontherecruitment, sampling, retention, and weighting of the sample
are available in the UKHLS User Guide®.

Identification strategies

Figure 1 shows how lockdown periods overlap with our datasets of
mobile-phone-based mobility inLondon as well as the UKHLS. During
our sample period, the UK government imposed three national lock-
downsthat placed restrictions on movement; no person was allowed to
leave the place where they live without areasonable excuse. Lockdown
lawsin the UK encompassrestrictions on movement and gatherings, as
wellas the closure of and restrictions on businesses. As restrictions on
movement are the strongest regulation that affects travel behaviours,
we focus on these phases for our research and call them ‘lockdowns™*.
Duringthese lockdowns, non-essential street businesses (for example,
cafes, restaurants, bars and pubs) were closed and people were asked to
stay athome as muchas possible and were strictly banned from gather-
ing. People were, however, still allowed to do outdoor exercises either
alone or with other household members or seek medical assistance.

For our mobility analysis at the neighbourhood level, we examine
the threshold distance to green spaces that determines the significant
changesintravel patterns after the COVID-19 pandemic (versus before)
and during the lockdown (versus non-lockdown). We utilize straight-
line distances between the edges of green spaces and residence LSOAs
using a Geographic Information System. Figure 2 presents the gradi-
ent of the proportion of the number of green-space travellers out of
all travellers by the distance to the nearest green space. The distinct
divergence at around the 800 m radius suggests that people residing
within 800 mof green spaces show different changesin travel patterns
to green spaces compared to those who live farther away. The 800 m
cut-off coincides with a walkable distance in the existing literature®.
Asthisisidentified as anideal spatial treatment, we generate a binary
variablethat captures whether the nearest green spaceislocated within
800 m of eachresidential LSOA.

Next, to minimize potential confounding issues and provide a
causal interpretation for our model of the role of proximity to green
space to mental distress, we adopt a standard logic of a counterfac-
tual causal inference design. Consistent with the above analysis on
neighbourhood-level mobility, weidentify green space proximity using
a distance limit of 800 m for each survey respondent. Our potential
treatment group comprises all UKHLS respondents residing in LSOAs
within800 mof the nearest green space, and those who reside in LSOAs
thatare farther belongto the potential comparison group. Amongthe
pool of survey respondents in the potential comparison group, we
select the closest match for each individual residing within 800 m of
the nearest green space by using a propensity score matching (PSM)
procedure. Our final sample size after matching is 2,496 individuals
for the treatment group and 2,496 for the comparison group, both of
which are highly homogeneous with respect to age, race, family com-
position, earnings and drinking/smoking habits (see Supplementary
Discussion 3 for the detailed matching process and the quality of the
matched sample).

Finally, we pay attention to UKHLS data where psychological
distress was measured using 12 questions from the General Health
Questionnaire, awell-validated tool used to screen and diagnose gen-
eralized anxiety disorder in clinical practice and research®. It uses
afour-point scale, where higher point values indicate a more dete-
riorated condition (‘not at all’/’same as usual’ were given a score of O;
‘more than usual’/‘much more thanusual, ascore of 1). We then convert
the total score into the measure with 12 points (asymptomatic [score
0], sub-clinically symptomatic [1-3], symptomatic [4-6] and highly
symptomatic [7-12])°°.

Empirical models

We adopted aDID approach using variationsin the distance fromgreen
spaces andin pre/post periods of the COVID-19 outbreak or lockdown
event. We employed the DID model as follows:

Vie = ,8D/.8t°° + HDjSIOO X Postj; + 6POS + XY + @ + & + & (o)

where V,isthe proportion of travellers to green spaces out of all travel-
lersin LSAOjin week ¢, Djst00 is abinary indicator of whether thereis a
green space within an 800 m radius of LSAO j, and Post, is a binary
indicator thattravel behavioursinweek t occurred after the COVID-19
outbreak or during lockdown periods. 8 picks up how the proportion
of green-space travellersin LSOAs located within 800 m of the nearest
greenspace changes after COVID-19 or during lockdown periods com-
pared wth the pre-pandemic or non-lockdown periods. X is a control
vector of LSOA-specific characteristics such as populationsize, gender
(men versus women), racial group (White, Asian, Black, others), age
group (under 18 years,18-29,30-45,46-59, 60-89, over 89), as well as
awiderange of neighbourhoodindicesrelated toincome, employment,
education, health disability, crime, barriers to housing and services,
and living environment. We include monthly fixed effects and local
authority fixed effects to control for unobserved heterogeneity. g, is
anerror term. Toaccount for the potential serial correlation of residuals
within an LSOA, we cluster standard errors at the LSOA level. Results
of this model are presented in Table 2.

Next, we attempted to compare the level of mental distress
between individuals residing in LSOAs that are within 800 m of the
nearest green spaces and those residingin farther LSOAs but within the
same city. We employed a DID model similar to equation (1) as follows:

My, = BD30° + D300 % LDy, + 61Dy + XY + @ + Oc + €y (2)

where M, is the mental distress score of individual respondent i from
the matched sample in wave w, D8%%is a binary indicator of whether
there is a green space within an 800 m radius of the residence of
respondenti,and LD,,isabinaryindicator that amental health survey
inwave wis conducted during lockdown periods. 8 picks up how the
mental health score changes for those who reside within 800 m of the
nearest green space during lockdown periods. Xis a control vector of
demographic and economic variablessuchas age, gender (men versus
women), racial group (White, Black, other), number of household
members, number of children, whether living with a partner, house-
hold/individualmonthly earning, and whether having financial difficul-
ties as well as health status such as whether having long-term health
issues, whether infected with COVID-19, number of days doing moder-
ate activities, whether drinking moderately or heavily, and whether
smoking. Weinclude wave fixed effects and city fixed effects to control
forunobserved heterogeneity and uneven distribution of green spaces
across cities. g, is an error term. Results of this model are presented
inTable 4.

Statistics and reproducibility
No statistical method was used to predetermine the sample size for
the mobility data; the sample size was based on the availability of
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network access logs from Telefénica. Similarly, the original sample
size for the individual survey data was based on UKHLS that repre-
sents the UK population (for more details of the UKHLS sampling
strategy, refer to User Guide®?). As mentioned above, we use the PSM
procedures to derive treatment and comparison groups from this
original sample so that these groups share similar attributes. Data
preparation was carried out using Python, R package (version4.1.0) and
ArcGIS Online. Regressions were performed with the STATA statistical
package (version 14.0). Heat map representation was performed in
ArcGIS Online.

Consent
We do not use any personally identifiable data, so informed consent
isnot needed.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The mobility dataset is proprietary to Telefénica and the datasetis sub-
jecttostrict privacy regulations. The mobility dataset was anonymized
and aggregated before being shared with the authors. The dataset
could be available on request after a non-disclosure agreement is
signed and discussed. Contact details for accessing the data are on
https://www.telefonica.com/en/sustainability-innovation/innovation/
telefonica-research/. The UKHLS is astudy by Understanding Society,
aninitiative funded by the Economic and Social Research Council and
various UK government departments. To access the UKHLS data®
with residential LSOA information of survey respondents, one needs
to receive permission from the data owner, the University of Essex,
through the special licence application process with the UK Data Ser-
vice. The 2020 data on ethnic composition was obtained with special
permission fromthe Consumer Data Research Centre. Other datasets,
including the location of green spaces and LSOA-level neighbourhood
attributes, are publicly accessible®*%°!,

Code availability
The custom code that supports the findings of this study is available
from the corresponding author uponrequest.

References

1. Alfano, V. & Ercolano, S. The efficacy of lockdown against
COVID-19: a cross-country panel analysis. Appl. Health Econ.
Health Policy. 18, 509-517 (2020).

2. Cauchemez, S., Kiem, C. T., Paireau, J., Rolland, P. &
Fontanet, A. Lockdown impact on COVID-19 epidemics
in regions across metropolitan France. Lancet 396,
1068-1069 (2020).

3. Witteveen, D. Sociodemographic inequality in exposure to
COVID-19-induced economic hardship in the United Kingdom.
Res. Soc. Stratif. Mobil. 69, 100551 (2020).

4. Bonaccorsi, G. et al. Economic and social consequences of
human mobility restrictions under COVID-19. Proc. Natl Acad. Sci.
USA 117, 15530-15535 (2020).

5. Moreno, C. et al. How mental health care should change as a
conseguence of the COVID-19 pandemic. Lancet Psychiatry 7,
813-824 (2020).

6. Pierce, M. et al. Mental health before and during the COVID-19
pandemic: a longitudinal probability sample survey of the UK
population. Lancet Psychiatry 7, 883-892 (2020).

7. Pancani, L., Marinucci, M., Aureli, N. & Riva, P. Forced
social isolation and mental health: a study on 1,006
Italians under COVID-19 lockdown. Front. Psychol. 12,

663799 (2021).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Passos, L., Prazeres, F., Teixeira, A. & Martins, C. Impact on
mental health due to COVID-19 pandemic: cross-sectional study
in Portugal and Brazil. Int. J. Environ. Res. Public Health 17, 6794
(2020).

Mariani, R. et al. The impact of coping strategies and perceived
family support on depressive and anxious symptomatology
during the coronavirus pandemic (COVID-19) lockdown. Front.
Psychol. 11, 587724 (2020).

Simon, J., Helter, T. M., White, R. G., van der Boor, C. & Laszewska,
A. Impacts of the Covid-19 lockdown and relevant vulnerabilities
on capability well-being, mental health and social support: an
Austrian survey study. BMC Public Health 21, 314 (2021).
Shanahan, L. et al. Emotional distress in young adults

during the COVID-19 pandemic: evidence of risk and

resilience from a longitudinal cohort study. Psychol. Med. 52,
824-833 (2020).

Hawryluck, L. et al. SARS control and psychological

effects of quarantine, Toronto, Canada. Emerg. Infect. Dis. 10,
1206 (2004).

Reynolds, D. et al. Understanding, compliance and psychological
impact of the SARS quarantine experience. Epidemiol. Infect. 136,
997-1007 (2008).

Liu, X. et al. Depression after exposure to stressful events: lessons
learned from the severe acute respiratory syndrome epidemic.
Compr. Psychiatry 53,15-23 (2012).

Brooks, S. K. et al. The psychological impact of quarantine and
how to reduce it: rapid review of the evidence. Lancet 395,
912-920 (2020).

Barton, J. & Rogerson, M. The importance of greenspace for
mental health. BJPsych Int. 14, 79-81(2017).

Astell-Burt, T. & Feng, X. Association of urban green space with
mental health and general health among adults in Australia.
JAMA Netw. Open 2, 198209 (2019).

Torres Toda, M. et al. Residential surrounding greenspace and
mental health in three Spanish areas. Int. J. Environ. Res. Public.
Health 17, 5670 (2020).

Markevych, I. et al. Exploring pathways linking greenspace to
health: Theoretical and methodological guidance. Environ. Res.
158, 301-317 (2017).

Sallis, J. F. et al. An ecological approach to creating active living
communities. Annu Rev Public Health 27, 297-322 (2006).
Wolch, J.R., Byrne, J. & Newell, J. P. Urban green space, public
health, and environmental justice: the challenge of making cities
‘just green enough’. Landsc. Urban Plan. 125, 234-244 (2014).
Hartig, T., Mitchell, R., De Vries, S. & Frumkin, H. Nature and
health. Annu. Rev. Public Health 35, 207-228 (2014).

Lee, A. C. & Maheswaran, R. The health benefits of urban

green spaces: a review of the evidence. J. Public Health 33,
212-222 (2011).

Heo, S., Desai, M. U., Lowe, S. R. & Bell, M. L. Impact of changed
use of greenspace during COVID-19 pandemic on depression and
anxiety. Int. J. Environ. Res. Public Health 18, 5842 (2021).
Robinson, J. M., Brindley, P., Cameron, R., MacCarthy, D. &
Jorgensen, A. Nature's role in supporting health during the
COVID-19 pandemic: a geospatial and socioecological study.

Int. J. Environ. Res. Publ. Health 18, 1-21(2021).

Vos, S. et al. Residential green space is associated with a buffering
effect on stress responses during the COVID-19 pandemic in
mothers of young children, a prospective study. Environ. Res.
208, 112603 (2022).

Burnett, H., Olsen, J. R., Nicholls, N. & Mitchell, R. Change in

time spent visiting and experiences of green space following
restrictions on movement during the COVID-19 pandemic:

a nationally representative cross-sectional study of UK adults.
BMJ Open 11, 044067 (2021).

Nature Mental Health | Volume 1| February 2023 | 124-134

132


http://www.nature.com/NatMentHealth
https://www.telefonica.com/en/sustainability-innovation/innovation/telefonica-research/
https://www.telefonica.com/en/sustainability-innovation/innovation/telefonica-research/

Article

https://doi.org/10.1038/s44220-023-00018-y

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

30.

40.

41.

42.

43.

44,

45,

46.

Dobbie, L. J., Hydes, T. J., Alam, U., Tahrani, A. A. & Cuthbertson,
D. J. The impact of the COVID pandemic on mobility trends and
the associated rise in population-level physical inactivity: insights
from international mobile phone and national survey data. Front.
Sports Act. Living 4, 773742 (2022).

Venter, Z. S., Barton, D. N., Gundersen, V., Figari, H. & Nowell, M. S.
Back to nature: Norwegians sustain increased recreational use of
urban green space months after the COVID-19 outbreak. Landsc.
Urban Plan 214, 104175 (2021).

Kleinschroth, F. & Kowarik, I. COVID-19 crisis demonstrates the
urgent need for urban greenspaces. Front. Ecol. Environ. 18,

318 (2020).

Boulton, C., Dedekorkut-Howes, A. & Byrne, J. Factors shaping
urban greenspace provision: a systematic review of the literature.
Landscape Urban Plan. 178, 82-101(2018).

Haaland, C. & van Den Bosch, C. K. Challenges and strategies for
urban green-space planning in cities undergoing densification: a
review. Urban For. Urban Green 14, 760-771 (2015).

Gray, S. &Kellas, A. Covid-19 has highlighted the inadequate,

and unequal, access to high quality green spaces. BMJ

Opinion https://blogs.bmj.com/bmj/2020/07/03/covid-19-has-
highlighted-the-inadequate-and-unequal-access-to-high-quality-
green-spaces/ (2020).

Das, A. & Gailey, S. Green exercise, mental health symptoms, and
state lockdown policies: a longitudinal study. J. Environ. Psychol.
82, 101848 (2022).

Narea, M. et al. The effect of COVID-19 lockdowns on maternal
mental health and parenting practices moderated by urban green
space. Clin. Psychol. Sci. 10, 1151-1167 (2022).

Marcelo, G. T. et al. Do we have enough recreational spaces
during pandemics? An answer based on the analysis of individual
mobility patterns in Switzerland. Landsc. Urban Plan 221,

104373 (2022).

Ilin, C. et al. Public mobility data enables covid-19 forecasting
and management at local and global scales. Sci. Rep. 11, 13531
(2021).

Finger, F. et al. Mobile phone data highlights the role of mass
gatherings in the spreading of cholera outbreaks. Proc. Natl Acad.
Sci. USA 113, 6421-6426 (2016).

Galeazzi, A. et al. Human mobility in response to COVID-19 in
France, Italy and UK. Sci. Rep. 11, 13141 (2021).

Borkowski, P., Jazdzewska-Gutta, M. & Szmelter-Jarosz, A.
Lockdowned: everyday mobility changes in response to
CQVID-19. J. Transp. Geogr. 90, 102906 (2021).

Stigsdotter, U. K. & Grahn, P. Stressed individuals’ preferences
for activities and environmental characteristics in green spaces.
Urban For. Urban Green. 10, 295-304 (2011).

Dzhambov, A. M. et al. Does greenery experienced indoors

and outdoors provide an escape and support mental health
during the COVID-19 quarantine? Environ. Res. 196, 110420
(2021).

Rugel, E. J., Carpiano, R. M., Henderson, S. B. & Brauer, M.
Exposure to natural space, sense of community belonging, and
adverse mental health outcomes across an urban region. Environ.
Res. 171, 365-377 (2019).

Fagerholm, N. et al. Analysis of pandemic outdoor recreation and
green infrastructure in Nordic cities to enhance urban resilience.
npj Urban Sustain. 2, 25 (2022).

Fancourt, D., Steptoe, A. & Bu, F. Trajectories of anxiety and
depressive symptoms during enforced isolation due to COVID-19
in England: a longitudinal observational study. Lancet Psychiatry
8, 141-149 (2021).

Proto, E. & Quintana-Domeque, C. COVID-19 and Mental Health
Deterioration Among Bame Groups in the UK Working Paper 8449
(CESifo, 2020).

47,

48.

49.

50.

51.

52.

53.

54.

56.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Wright, L., Steptoe, A. & Fancourt, D. Are we all in this together?
Longitudinal assessment of cumulative adversities by
socioeconomic position in the first 3 weeks of lockdown in the
UK. J. Epidemiol. Community Health 74, 683-688 (2020).
D’Angelo, S., Ntani, G., Bloom, I. & Walker-Bone, K. Pre-pandemic
socio-economic status and changes in employment during the
first lockdown (2020) on the health of middle-aged people in
England: a longitudinal study. BMC Public Health 22,1902 (2022).
Raj, T. & Bajaj, A. Living alone in lockdown: impact on mental
health and coping mechanisms among young working adults.
Curr. Psychol. https://doi.org/10.1007/s12144-021-01511-2 (2021).
Ulrich, R. S. View through a window may influence recovery from
surgery. Science 224, 420-421(1984).

Chan, S. H. M., Qiu, L., Esposito, G. & Mai, K. P. Vertical greenery
buffers against stress: evidence from psychophysiological
responses in virtual reality. Landsc. Urban Plan. 213, 104127 (2021).
Kahn, P. H. Jr et al. A plasma display window? The shifting
baseline problem in a technologically mediated natural world.

J. Environ. Psychol. 28,192-199 (2008).

Heo, S., Lim, C. C. & Bell, M. L. Relationships between local green
space and human mobility patterns during COVID-19 for Maryland
and California, USA. Sustainability. 12, 9401 (2020).

Postaria, R. “15-minute city” - how do we get there? Cities Forum
https://www.citiesforum.org/news/15-minute-city/ (2021).

City in Nature (Government of Singapore, accessed 12 June 2022);
https://www.greenplan.gov.sg/key-focus-areas/city-in-nature/
Bonnel, P., Bonnel, P., Hombourger, E., Olteanu-Raimond, A.

M. & Smoreda, Z. Passive mobile phone dataset to construct
origin-destination matrix: potentials and limitations. Transp. Res.
Procedia 11, 381-398 (2015).

Calabrese, F., Di Lorenzo, G., Liu, L. & Ratti, C. Estimating Origin-
Destination flows using opportunistically collected mobile phone
location data from one million users in Boston Metropolitan Area.
IEEE Pervasive Comput. 10, 36-44 (2011).

National Heritage List for England (Historic England, accessed

8 November 2022); https://historicengland.org.uk/listing/
the-list/

Lower Layer Super Output Area Population Estimates (Supporting
Information) (Office for National Statistics, accessed 15 December
2022); https://www.ons.gov.uk/peoplepopulationandcommunity/
populationandmigration/populationestimates/datasets/
lowersuperoutputareamidyearpopulationestimates

CDRC Modelled Ethnicity Proportions (LA Geography)
(Consumer Data Research Centre, accessed 7 December 2022);
https://data.cdrc.ac.uk/dataset/cdrc-modelled-ethnicity-
proportions-la-geography

English Indices of Deprivation 2019 (National Statistics, accessed
20 December 2022); https://www.gov.uk/government/statistics/
english-indices-of-deprivation-2019

Understanding Society COVID-19 User Guide Version 10.0
(Institute for Social and Economic Research, University of

Essex, 2021).

Understanding Society: COVID-19 Study, 2020-202111th edn
(Institute for Social and Economic Research, University of Essex,
2021); https://doi.org/10.5255/UKDA-SN-8644-11

The Health Protection (Coronavirus, Restrictions) (England) (No.

4) Regulations 2020 (Public Health England, 2020); https://www.
legislation.gov.uk/uksi/2020/1200/contents/made

Timperio, A., Crawford, D., Telford, A. & Salmon, J. Perceptions
about the local neighborhood and walking and cycling among
children. Prev. Med. 38, 39-47 (2004).

Batty, G. D., Russ, T. C., Stamatakis, E. & Kivimaki, M. Psychological
distress in relation to site specific cancer mortality: pooling of
unpublished data from 16 prospective cohort studies. Brit. Med. J.
356, {108 (2017).

Nature Mental Health | Volume 1| February 2023 | 124-134

133


http://www.nature.com/NatMentHealth
https://blogs.bmj.com/bmj/2020/07/03/covid-19-has-highlighted-the-inadequate-and-unequal-access-to-high-quality-green-spaces/
https://blogs.bmj.com/bmj/2020/07/03/covid-19-has-highlighted-the-inadequate-and-unequal-access-to-high-quality-green-spaces/
https://blogs.bmj.com/bmj/2020/07/03/covid-19-has-highlighted-the-inadequate-and-unequal-access-to-high-quality-green-spaces/
https://doi.org/10.1007/s12144-021-01511-2
https://www.citiesforum.org/news/15-minute-city/
https://www.greenplan.gov.sg/key-focus-areas/city-in-nature/
https://historicengland.org.uk/listing/the-list/
https://historicengland.org.uk/listing/the-list/
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/lowersuperoutputareamidyearpopulationestimates
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/lowersuperoutputareamidyearpopulationestimates
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/lowersuperoutputareamidyearpopulationestimates
https://data.cdrc.ac.uk/dataset/cdrc-modelled-ethnicity-proportions-la-geography
https://data.cdrc.ac.uk/dataset/cdrc-modelled-ethnicity-proportions-la-geography
https://www.gov.uk/government/statistics/english-indices-of-deprivation-2019
https://www.gov.uk/government/statistics/english-indices-of-deprivation-2019
https://doi.org/10.5255/UKDA-SN-8644-11
https://www.legislation.gov.uk/uksi/2020/1200/contents/made
https://www.legislation.gov.uk/uksi/2020/1200/contents/made

Article

https://doi.org/10.1038/s44220-023-00018-y

Acknowledgements

The authors thank the University of Essex and Telefonica for
providing access to UKHLS and mobility data, respectively.

We also thank S.U. Lee and J. Lee for their invaluable help in
processing the initial datasets. This work is supported by the
Singapore Ministry of Education Academic Research Fund Tier 1
Grants (A-0003825-01-00 awarded to K.O.L. and A-0003186-00-00
awarded to K.M.M.). The funder had no role in study design,

data collection or analysis; decision to publish; or preparation

of the manuscript.

Author contributions

K.O.L., K.M.M. and S.P. co-designed the study. K.O.L. and S.P. collected
the necessary datasets while S.P. was responsible for processing

the mobility and UKHLS data. K.O.L. undertook data analyses and
interpretation of the results. K.O.L. and K.M.M. wrote the report, and all
authors critically reviewed the manuscript.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s44220-023-00018-y.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s44220-023-00018-y.

Correspondence and requests for materials should be addressed
to Kwan Ok Lee.

Peer review information Nature Mental Health thanks Karl Samuelsson
and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature America,
Inc. 2023

Nature Mental Health | Volume 1| February 2023 | 124-134

134


http://www.nature.com/NatMentHealth
https://doi.org/10.1038/s44220-023-00018-y
https://doi.org/10.1038/s44220-023-00018-y
https://doi.org/10.1038/s44220-023-00018-y
http://www.nature.com/reprints

Article https://doi.org/10.1038/s44220-023-00018-y
0°30'0"W 0°20'0"W 0°10'0"W 0°0'0" 0°10'0"E 0°20'0"E
1 1 L 1 L 1
N
F51°40'0"N
51°40'0"N-
F51°30'0"N
51°30'0"N-
SR«
".'\0!:‘? :"::; 3%
4‘"}/ "ﬂ ?1;:/
- Yt
[ Green Spaces
I Highest reduction
I 2nd quintile for reduction [ £40001gmN
51°20'0"NH I 3rd quintile for reduction
[ 4th quintile for reduction
[ ] Lowest reduction
I increase
] T 1 1 1 1
0°30'0"W 0°20'0"W 0°10'0"W 0°0'0" 0°10'0"E 0°20'0"E

Extended Data Fig. 1| Changes in share of number of travellers to green
spaces during lockdowns compared to share of green-space travellers during
pre-COVID-19 periods. The blue colours represent LSOAs that experienced the
reduction in the share of the number of travellers to green spaces out of total
travellers during the lockdowns when compared to pre-COVID-19 periods. Darker

blue areas experienced a higher reduction. On the other hand, the red colour
represents LSOAs that experienced the increase in the share of green-space
travellers during the lockdowns when compared to pre-COVID-19 periods. Each
of the six categories with different colours have approximately the same number
of LSOAs.
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Extended Data Fig. 2| Boxplot of mental distress score by different waves
for treatment versus comparison groups. Note that Waves1,2,6,7,and 8
fallinto the lockdown periods in the UK. Here, we did not derive results from
technical replicates because each wave belongs to the different time periods
(lockdown versus non-lockdown) and this temporal variation is a key for our
analysis. N (Treatment) = 2,496 individuals observed over 8 independent waves;
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N (Comparison) =2,496 individuals observed over 8 independent waves. Boxplot
minimum is the smallest value within 1.5 times interquartile range below 25th
percentile, maximumiis the largest value within 1.5 times interquartile range
above 75th percentile. Centre is the 50th percentile (median), box bounds 25th
and 75th percentile.
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Extended Data Fig. 3| Summary of data and sources. This summarizes the data sources, key indicators, and their links. ONS: Office for National Statistics; CDRC:
Consumer Data Research Centre; MHCLG: Ministry of Housing, Communities and Local Government.
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Extended Data Table 1| Robustness test for Table 2 with the travel frequency measure (rather than number of travellers).
Standard errors (s.e.m.) are clustered atthe LSOA level. The analysis uses twosidedstatistical tests.

0 ®) 0 @
Proportion of Green Proportion of Green Proportion of Green Proportion of Green
Dependent Variable Space Travels Space Travels Space Travels (POSt_ Space Teavels (POSt_
COVID-19 periods) COVID-19 periods)
Coef. | S.E. P Coef. S.E. P Coef. | S.E. P Coef. S.E. P
LSOAs located within
800 m of the nearest 0-023 | 0-004 | 0-000 0-020 | 0-003 | 0-000 0-023 | 0-004 | 0.000  0-023 | 0-004 | 0-000

green space

After COVID-19

outbreak -0-003 | 0-001 | 0-000

Lockdown -0-001 0-000 | 0-013
LSOAs within 800 m of
the nearest green space 0-005 | 0-001 | 0-000
& After COVID-19

LSOAs within 800 m of

the nearest green space 0-002 0-001 | 0-011
& lockdown

Observations 463,261 463,261 212,411 212,411
R-squared 0-143 0-143 0-150 0-150
Demographic

charactertistics Yes Yes Yes Yes
Socioeconomic

characteristics Yes Yes Yes Yes
Local authority fixed Yes Yes Yes Yes
effects

Month fixed effects Yes Yes Yes Yes
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