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well as single and recurrent depressive disorder, had some of the
highest relative risk and population attributable risk estimates
associated with ND VI, which could reflect the role of green spaces
as restorative environments. Strong associations for substance
abuse disorders could indicate the development of better stress-
processing ability with more green space, resulting in less need for
self-medication later in life. Genetically vulnerable individuals
could be particularly at risk from stress-triggered expression of
psychiatric disorders, and gene—environment interactions should be
investigated next, e.g., using polygenic risk scores or genome-wide
association studies.

In our study, the relative risk of developing any psychiatric
disorder was associated with green space in a dose-response
relationship within all urbanization levels, showing that the associ-
ation with green space presence is present after adjusting for
urbanization. We found the highest relative risk for the capital
center region and the lowest for rural areas, consistent with
previous findings (27, 28). Higher pace of life and social stress in
the most urbanized areas could create a stronger need for re-
storative environments such as urban green space. This finding
also suggests that the highly urbanized capital center area could
benefit most from additional green space as an early intervention
tool in healthy city planning and development. In contrast, the
nonmonotonic decrease of risk in the capital center area could
indicate that capital residents residing in high-income neighbor-
hoods receive risk-decreasing benefits from the urban environment,
e.g., better schools or lower crime rates, not captured by our mu-
nicipal socioeconomic adjustment and that these benefits, at some
level, become more important than green space.

We found no consistent sign across all psychiatric disorders of
green space presence being associated with any particularly
sensitive age during childhood. NDVI at age 10 y and cumulated
NDVI were both associated with risk across all psychiatric dis-
orders in a dose-response relationship that could reflect causa-
tion. We might expect neurodevelopmental disorders such as
schizophrenia to be more strongly associated with green space
during the earliest years of life when brain development is most
vulnerable compared with, e.g., substance abuse disorders.
Schizophrenia risk peaked slightly at age 3y, but the pattern was
not stronger than for other disorders. Interestingly, substance
and alcohol abuse showed slight increases in the protective as-
sociation during both the earliest and latest years, suggesting that
multiple pathways may influence these particular associations.
Comparing associations for persons diagnosed in adolescence
versus in adulthood may indicate that childhood green space is
somewhat more strongly associated with developing a psychiatric
disorder in adolescence. We hypothesize that, during the earliest
years of childhood, pathways related to passive exposure, such as
noise reduction or air pollution removal, may be important,
whereas pathways related to use, such as exercise and social
interactions, may become increasingly important as a child
becomes more independent. Green space around children’s
schools likely becomes increasingly important with age. Further-
more, parents’ actions will influence children’s visits to parks and
other green spaces. The use of different high-resolution measures
of green space such as vegetation height and structure should be
investigated further to understand which aspects of green space
affect mental health and through which mechanisms.

Risk estimates were generally higher for a measure of cumu-
lated green space presence, compared with presence measured
at age 10y, supporting a dose-response relationship over time.
Furthermore, this suggests that the protective association with
green space builds up over time and that green space presence is
important all through childhood. Our results are consistent with
previous work showing improved mental well-being and cogni-
tive development among children exposed to more green space
(16, 25). The relation to cognitive development found by Dad-
vand et al. (16) was partly mediated by air pollution, and this
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result is supported by other studies on air pollution and psychi-
atric disorders (29, 30). The role of green spaces as natural filters
of environmental pollution should be investigated further in re-
lation to psychiatric disorders. Another promising hypothesis is
that exposure to green space, especially biodiverse green space,
and animal contact lead to better immune functioning, which has
been linked to mental health (22, 31). Training the human immune
systems seemingly requires prolonged exposure to microbiota dur-
ing childhood (22), consistent with our finding of accumulative
associations with green space presence. For neurodevelopmental
disorders, such as intellectual disability and schizophrenia, poor
immune functioning and consequently greater risk of infections
could explain some of the association with green space.

Although we found a strong association between green space
and psychiatric disorder risk, our study also has some limitations.
At this point, we cannot completely dismiss that choice of resi-
dential location is somewhat affected by genetic confounding. A
recent study using polygenic risk scores showed that people with
higher genetic loading for schizophrenia lived in denser urban
areas (32). However, another study for Denmark showed that the
association between urbanicity and the risk of schizophrenia was
not explained by genetic liability (33). Hence, the association
between green space and mental health is unlikely to be entirely
driven by genetically determined choice of residential location,
but gene—environment interactions could still play a role. Se-
lection bias from parents of higher socioeconomic status choosing
to move to greener areas could also influence the results, al-
though, for schizophrenia, selective migration has been shown to
only partly explain the association in Denmark (34). Although we
adjusted for municipal and parents’ socioeconomic status, our
results may be influenced by unmeasured socioeconomic factors
such as lower-quality green space, higher crime rates, and fewer
social advantages in deprived neighborhoods.

These limitations point to several follow-up questions. First, the
deviations from the general dose-response relationship warrant
further studies into the epidemiology of certain psychiatric disorders
such as alcohol abuse, anorexia, and intellectual disability. Second,
despite the strong longitudinal design of our study, our risk estimates
fundamentally only show correlations. Causation is generally hard to
infer from observational studies and is difficult to prove when the
etiology of psychiatric disorders is unknown (35). New knowledge
from genetic and neurobiological research (e.g., refs. 17 and 36)
could guide future combinations of longitudinal and experimental
studies. Third, the mechanistic links between green space and psy-
chiatric disorders remain to be identified. Using NDVI from satellite
images allowed us to estimate individual-level green space presence
at a fine resolution but captured no information about other aspects
of natural environments such as blue space, biodiversity, the pres-
ence of animals, or quality of vegetation. Also, NDVI provides no
information about the use of green space. Effects of different
qualitative aspects and use of green space is important to identify
a possible mechanistic link (37). Restorative environment studies
assessing the positive, restoration-promoting (i.e., salutogenic) char-
acteristics of green space in combination with the absence of risk
factors such as noise and pollution are promising ways to determine
whether and how natural environments provide benefits that pro-
mote mental health (38). Tracking people’s use of green space
through GPS (39) or possibly through social media could provide
more information about pathways related to use of green space.

Our results complement other studies showing positive asso-
ciations between nature and mental health (19-21, 23, 24), while
showing a consistent, protective association with individual-level
childhood green space presence for many of a spectrum of psy-
chiatric disorders after adjusting for urbanization and covering a
large proportion of the population. As shown by the dose-response
relationship between green space presence and psychiatric disorder
risk, we found no sign of the positive association with green space
reaching an upper limit. Hence, finding ways to provide high green
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space exposure during childhood should be encouraged in sus-
tainable urban planning. Population attributable risk estimates
suggest that green space might contribute large health benefits
across the population. Future studies should address the extent to
which benefits arise from passive exposure versus active use, and
whether the source of benefits differs for different psychiatric dis-
orders. Cumulated green space presence was more strongly asso-
ciated with risk, and this should be considered in future studies of
green space effects on mental health.

In conclusion, our data show a consistent association between
higher levels of green space during childhood and a lower risk of
developing any of a multitude of psychiatric disorders later in
life. These findings contribute to our understanding of the urban
environment as an important environmental risk factor for
mental health and can guide the design of healthy city environ-
ments, as well as institutions and programs affecting childhood
life, for example, school systems. Ensuring access to green space
and enhancing opportunities for a diverse range of uses, espe-
cially in densifying urban environments, could be an important
tool for managing and minimizing the global burden of disease
increasingly dominated by psychiatric disorders. Lower access to
green space could be an added risk factor for mental health
among vulnerable groups of society (40, 41). Loss of human—
nature interactions presents a health risk, and it can also reduce
peoples’ appreciation of natural environments, creating negative
feedback loops (42). In contrast, positive experiences, such as psy-
chological restoration or social cohesion, can motivate positive
ecological behaviors (43). Increasing urban nature could potentially
provide mental health benefits while simultaneously protecting
biodiversity and ecosystem services of natural environments.

Methods

Study Population and Assessment of Psychiatric Disorders. Denmark is a small,
relatively homogeneous country with a population of 5.8 million people and
a total area of about 43,000 km?. Distances within the country are small, with
most people living within 25 km of a city with >30,000 inhabitants and a
psychiatric hospital or department. The Danish Civil Registration System was
established in 1968 and contains a personal identification number (PIN) and
information on gender, place of birth, vital status, parents’ PINs, and con-
tinuously updated information on vital status and place of residence for all
Danish citizens. All national registers use the PIN, linking each individual to
all other national registers, e.g., containing information on health, contex-
tual, and socioeconomic information. The study population included all
persons born in Denmark from 1985 to 2003 and who were alive and re-
siding in Denmark at their 10th birthday (943,027 persons).

We linked all individuals from the study population and their parents and
siblings with the Danish Psychiatric Central Research Register (44) to obtain
information about psychiatric disorders. The Register contains information on
all admissions to Danish psychiatric in-patient facilities since April 1, 1969, and,
since 1995, all out-patient visits to psychiatric departments or emergency care.
There are no private psychiatric in-patient facilities in Denmark, and treatment
is free. From 1969 to 1993, the diagnostics system used was the Danish modi-
fication of the International Classification of Diseases (ICD-8) (45) and, from
1994 and on, the ICD-10 (46). Individuals were classified with a psychiatric dis-
order if they had been admitted to a psychiatric facility, received outpatient
care, or visited a psychiatric emergency care unit with a diagnosis of one of 18
psychiatric disorders (S/ Appendix, Table S5). The date of onset was defined as
the first contact at which any of the above-defined diagnoses were applied.

Quantification of Green Space. We calculated mean green space covering the
period of 1985 to 2013 from the NDVI, obtained from 30-m-resolution remote
sensing images from the Landsat archive (earthexplorer.usgs.gov/, accessed
February 2, 2016). NDVI is the difference between absorbed (red) and
reflected (near-infrared) light by vegetation following

NIR —RED

NDVI= iR+ RED'

where NIR is the near-infrared and RED is the red band. NDVI is a commonly
used and effective measure of green space (47, 48). Low values indicate
sparse vegetation, and high values indicate dense vegetation.
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The Landsat archive contains satellite data of Earth acquired by six satellites
over more than 40 y. Over the years, the purpose and spatial focus of the Landsat
program has changed, and, as a result, the availability of the data varies. The
Landsat satellites provide images of 4 to 11 bands at 30- to 120-m resolution on a
16- to 18-d revisit cycle. We aimed to obtain images from the growing season in
June, July, or August with none to low cloud cover for the entire country each
year. The best data coverage comes from the later years, whereas data avail-
ability of the earliest years fluctuates. For example, the satellite images from
1978 to 1983 only cover parts of Zealand and the island of Bornholm. Also, due
to technical difficulties, some years in the time period are only partly covered or
not covered at all (see S/ Appendix, Table S6 for details of each year).

All Landsat images were atmospherically corrected and converted to Top
of Atmosphere (TOA) reflectance using ENVI version 5.1 to remove atmo-
spheric effects from water vapor and the position of the Sun. Despite our best
efforts to find cloud-free images, some images were partly covered by clouds.
For images with severe cloud cover (~5 to 30%), we downloaded several
images covering the same area at different dates and merged them to ob-
tain a single complete image. Clouds were identified and masked loosely
following a previously published approach (49). Clouds on images from
Landsat 8 (only for year 2013) were identified and masked using the Quality
Assessment band. Manual assessment revealed an acceptable match be-
tween the cloud masks and clouds on the images, although with slight im-
precisions with unidentified thin clouds (hazes) and small patches of bare soil
wrongly identified as clouds. Lastly, all images were processed with histogram
matching using the best (low cloud cover and large land area) image for each
year, and large water bodies were masked out before calculating NDVI. The
NDVI maps for Denmark can be downloaded from https:/bios.au.dk/en/about-
bioscience/organisation/ecoinformatics-and-biodiversity/data/.

NDVI images were mosaicked into a single image for each year with bilinear
interpolation. Missing values were interpolated using simple linear interpolation
for cells with a minimum of three measurements across all years. The mean of the
NDVI values was then calculated for quadratic areas (presence zones) of 210 x
210 m, 330 x 330 m, 570 x 570 m, and 930 x 930 m (7, 11, 19, and 31 cells, re-
spectively) around each address for the years 1985-2013. Cumulated NDVI is the
mean of mean NDVI from birth to the 10th birthday for each cohort member
with at least 10 y of observations. As the Danish residence database is continu-
ously updated, NDVI values for each residence were used for children that moved
within the 10-y timespan. Unless stated otherwise, we refer to estimates from
green space presence measured on the year of the 10th birthday, when children
are relatively independent and likely to be exposed to surrounding green space
through outdoor activities. For each presence zone, place of residence was
located in the center of the quadrat. Calculating the mean of the NDVI for this
large number of addresses was a challenging computational task. Therefore,
we performed these computations using efficient algorithms to process large
amounts of geographic data within a reasonable amount of time (50).

Statistical Analyses. Cohort members were followed for the development of
psychiatric disorders from their 10th birthday until first treatment contact for
any of the psychiatric disorders, death, emigration from Denmark, or De-
cember 31, 2013, whichever came first. IRR of psychiatric disorders were
estimated in time-to-event analyses using Cox regressions, using age as the
underlying timescale with separate baselines for each gender (51). NDVI
values were linked to each cohort member with the addresses. Mean NDVI
at age 10 y was fitted as deciles for all four presence zone sizes, and cu-
mulated NDVI was likewise fitted as deciles (cutoff values are presented in S/
Appendix, Table S7). We adjusted models for potential confounding by
other known risk factors identified by previous studies. Urbanization was
fitted as a categorical variable with five levels: capital center, capital suburb,
provincial city, provincial town, or rural area, as previously described (34).
We controlled for a range of individual and socioeconomic confounding
factors, including year of birth, gender, parents’ education (three levels:
primary school, high school\vocational training, or higher education), parents’
income (gross income divided in quintiles and adjusted for inflation and gender
differences), parents’ employment status (three levels: employed, unemployed,
or outside workforce), parents’ age (seven levels: 12y to 19y, 20y to 24y, 25y
to29y,30yto34y,35yto39y, 40y to 44y, and 45y or older), and parents’
previous diagnosis with any psychiatric disorder up to and including the child’s
10th birthday (two levels: yes or no) (52). We also controlled for differences in
residential areas’ socioeconomic status at the smallest available administrative
unit using the Danish municipalities. Many important political decisions are
made at the municipal level, e.g., budgets for schools, parks, and early pre-
vention action programs. Danish municipalities are also responsible for imple-
mentation of action programs and the practical management of schools and
parks. We calculated a measure of socioeconomic deprivation for each mu-
nicipality as the average income as defined above, the proportion of individuals
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with a low education level (primary school compared with high school or
higher education), and the proportion of individuals outside the workforce
(unemployed or outside workforce compared with employed). Estimates ad-
justed for each possible confounding factor separately are presented for easy
comparison of each factor's association and to avoid potential bias from
overadjustment (S/ Appendix, Fig. S1). The calendar year of the end of study for
each cohort member was treated as a time-dependent variable to account for
different hazard rates over time and categorized as 1995-2000, 2001-2005,
2006-2010, and 2011-2013. All other variables were treated as independent
of time.

We performed the following sensitivity analyses to determine the best
models for evaluating the association with NDVI by fitting additional Cox
regressions: assessing (i) the association with different green space presence
zone sizes (S/ Appendix, Table S4), (ii) the potential modifying association of
gender (S/ Appendix, Table S8), (iii) the association with NDVI measured at
different ages from birth to the 10th birthday (S/ Appendix, Fig. S2), (iv) the
potential modifying effect of urbanization (Figs. 1 and 2), and (v) the associa-
tion with green space measured as mean cumulated NDVI from birth to the
10th birthday for each cohort member with observations for least 10 y out of
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All data processing and statistics were performed in R (53) using packages
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study population are not publicly available due to privacy protection. To
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