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Abstract

There has been increasing attention in the last decade on the putative benefits of
greenspace exposure (i.e., availability or contact with natural or semi-natural outdoor areas
completely or partially covered by vegetation) for mental health and suicide-related outcomes
across the lifespan. This dissertation is based on two published manuscripts in leading peer-
reviewed journals (henceforth referred to as Chapter 3 and Chapter 4) which aimed to extend
the current state of knowledge on greenspace exposure and mental health and suicide by filling
important gaps. First, the literature has been dominated by cross-sectional research designs
which limits our ability to understand the long-lasting influence of greenspace exposure on
mental health. Second, to the best of our knowledge, there has not yet been a systematic review
that has evaluated the associations (if any) between greenspace exposure and suicide mortality,
self-harm, and suicidal ideation. Third, the moderating roles of socioeconomic status and
sex/gender have not been extensively evaluated. For instance, some research indicates that
individuals experiencing socioeconomic disadvantage could benefit more from greenspace
exposure (although such individuals often live in areas with less greenspace) than those that are
more socioeconomically advantaged. Additionally, there is evidence suggesting that the positive
associations of greenspace exposure with mental health may be different for males and females,
highlighting the importance of further studying these differences. Fourth, most studies in the
literature have not been consistent in controlling for key confounding variables at the individual,
family, and neighborhood levels, making it imperative to adjust for such variables to help clarify
the associations between greenspace exposure and mental health problem symptoms.

In response to these literature gaps, the aim of Chapter 3 (published in Science of the
Total Environment, Impact Factor: 10.75) was to systematically synthesize the available

evidence on the associations between greenspace exposure and suicide-related outcomes, i.e.,
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suicide mortality, self-harm, and suicidal ideation. Searches were executed in PsycINFO,
MEDLINE, and Web of Science from inception up to January 6, 2023. In total, 23 studies met
the inclusion criteria (n = 14 ecological designs, n = 4 cross-sectional designs, n = 3 longitudinal
designs, and n = 2 experimental designs). All of the 23 included studies evaluated the
associations between greenspace exposure and suicide-related outcomes in urban regions, while
one study included additional analyses for these associations in a rural setting.

Protective associations of greenspace exposure were reported for suicide mortality (64%),
self-harm (60%), and suicidal ideation (67%), with 36% of included studies not reporting a
statistically significant association. Moreover, for studies stratified by sex, it was found that
protective associations between greenspace exposure and suicide mortality were more salient for
females (n = 7 studies) than for males (n = 4 studies). However, it was not possible to stratify
results by socioeconomic status. In this review, experimental studies and studies using youth
samples were rare.

In light of these findings, using the Québec Longitudinal Study of Child Development,
Chapter 4 (published in Social Psychiatry and Psychiatric Epidemiology, Impact Factor: 4.52)
examined the prospective associations of residential greenspace exposure in childhood and
suicidal ideation and other mental health problem symptoms such as inattention,
hyperactivity/impulsivity, conduct problems, depression, and anxiety in adolescence. Data was
collected from 742 urban-dwelling participants and childhood greenspace exposure was
measured using the Normalized Vegetation Index (NDVI) within 250 m, 500 m, and 1000 m
buffer zones surrounding the home residence. Childhood urban greenspace was associated with
lower inattention problem symptoms for both females and males. Specifically, the results

illustrated a 0.14 reduced standard deviation ( = - 0.14, SE = 0.05, p <0.001) in relation to an
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interquartile range increase of NDVI at the 250 m buffer zone, and similar results were found in
500 m and 1000 m buffer zones. These associations only slightly attenuated after adjustment for
individual, family, and neighborhood characteristics (f =- 0.13, SE = 0.06, p = 0.03). No
association was found for suicidal ideation and other mental health problem symptoms, and no
moderation by sex or family socioeconomic status was noted.

Overall, the articles included in this dissertation have expanded our knowledge regarding
the benefits of greenspace exposure and mental health across the lifespan. However, future
studies are required to better comprehend the underlying mechanisms linking greenspace
exposure to mental health, along with experimental studies that can help establish the causal

influence of greenspace exposure in mitigating symptoms of mental health.
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Résumé

Au cours de la derniére décennie, une attention croissante a été accordée aux bénéfices
présumés de I'exposition aux espaces verts (c'est-a-dire la disponibilité ou le contact avec des
espaces extérieurs naturels ou semi-naturels complétement ou partiellement recouverts de
végétation) pour les problémes de santé mentale et le suicide tout au long de la vie. Cette thése
est basée sur deux articles publiés dans des revues spécialisées de premier plan (désignés par la
suite comme Chapitre 3 et Chapitre 4), qui visaient a bonifier I'état actuel des connaissances
sur l'exposition aux espaces verts et la santé mentale ainsi que le suicide en comblant
d'importantes lacunes. Premic¢rement, la littérature a ét¢ dominée par des études transversale, ce
qui limite notre capacité a comprendre 1’association longitudinale de 1'exposition aux espaces
verts sur la santé mentale. Deuxiémement, a notre connaissance, il n'y a pas encore eu de revue
systématique évaluant les associations (si elles existent) entre 1'exposition aux espaces verts et la
mortalité par suicide, les tentatives de suicides et les idéations suicidaires. Troisiemement, les
roles modérateurs du statut socioéconomique et du sexe/genre n'ont pas été largement évalués.
Par exemple, certaines recherches indiquent que les personnes en situation de désavantage
socioéconomique pourraient bénéficier davantage de I'exposition aux espaces verts (bien que ces
personnes vivent souvent dans des zones avec moins d'espaces verts) que celles qui sont plus
socioéconomiquement avantagées. De plus, des preuves suggerent que les associations positives
de l'exposition aux espaces verts avec la santé mentale peuvent étre différentes pour les hommes
et les femmes, soulignant 1'importance d'étudier davantage ces différences. Quatriemement, la
plupart des études dans la littérature n'ont pas été cohérentes dans le controle des variables de
confusion clés aux niveaux individuel, familial et du quartier, ce qui rend impératif d'ajuster ces
variables pour aider a clarifier les associations entre I'exposition aux espaces verts et les

problémes de santé mentale.

10



GREENSPACE EXPOSURE AND MENTAL HEALTH

En réponse a ces lacunes de la littérature, I'objectif du Chapitre 3 (publi¢ dans Science of
the Total Environment, Facteur d'impact : 10.75) était de synthétiser systématiquement les
preuves disponibles sur les associations entre 1'exposition aux espaces verts et les résultats liés au
suicide, c'est-a-dire la mortalité par suicide, les tentatives de suicides et les idéations suicidaires.
Les recherches ont été effectuées dans PsycInfo, MEDLINE et Web of Science a partir de leur
création jusqu'au 6 janvier 2023. Au total, 23 études répondaient aux critéres d'inclusion (n = 14
écologiques, n = 4 transversales, n = 3 longitudinales et n = 2 expérimentales). Les 23 études
incluses ont toutes évalué les associations entre l'exposition aux espaces verts et les résultats liés
au suicide dans des régions urbaines, tandis qu'une étude comprenait des analyses
supplémentaires pour ces associations dans les régions rurales. Une association protectrice de
l'exposition aux espaces verts a ¢té rapportée pour la mortalité par suicide (64 %), tentative de
suicide (60 %) et I'idéation suicidaire (67 %), 36 % des études incluses ne rapportant pas
d'association statistiquement significative. De plus, pour les études stratifiées par sexe, il a été
constaté que les associations protectrices entre I'exposition aux espaces verts et la mortalité par
suicide étaient plus marquées chez les femmes (n = 7 études) que chez les hommes (n = 4
études). Cependant, il n'était pas possible de stratifier les résultats par statut socioéconomique.
Dans cette revue, les études expérimentales et les études utilisant des échantillons de jeunes
¢taient rares.

Compte tenu de ces résultats, en utilisant 'Etude longitudinale du développement des
enfants du Québec (ELDEQ), le Chapitre 4 (publié¢ dans Social Psychiatry and Psychiatric
Epidemiology, Facteur d'impact : 4.52) a examiné les associations prospectives de l'exposition
aux espaces verts résidentiels dans I'enfance et les idéations suicidaires et d'autres symptomes de

problémes de santé mentale tels que l'inattention, I'hyperactivité/impulsivité, les problémes de

11
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conduite, la dépression et I'anxiété a I'adolescence. Les données ont été collectées aupres de 742
participants habitant en milieu urbain et I'exposition aux espaces verts en enfance a été mesurée a
l'aide de I'indice de végétation normalisé (NDVI) dans des zones de 250 m, 500 m et 1000 m
entourant le domicile. L’exposition aux espaces verts urbain durant I’enfance étaient associés a
des problémes d'inattention moindres chez les adolescents (aussi bien chez les filles que chez les
garcons). Plus précisément, les résultats ont illustré une réduction de 0,14 écart-type (p = - 0,14,
SE = 0,05, p <0.001) par rapport a une augmentation de I'écart interquartile du NDVI dans la
zone de 250 m, et des résultats similaires ont été obtenus dans les zones de 500 m et 1000 m. Ces
associations se sont légérement atténuées apres ajustement pour les caractéristiques
individuelles, familiales et de quartier (f = - 0,13, SE = 0,06, p = 0.03). Aucune association n'a
été trouvée pour les idéations suicidaires et les autres problémes de santé mentale, et aucune
association de modulation du sexe ou du statut socioéconomique familial n'a été notée.

Dans l'ensemble, les articles inclus dans cette thése ont élargi nos connaissances sur les
bénéfices de I'exposition aux espaces verts et de la santé mentale tout au long de la vie.
Cependant, des études futures sont nécessaires pour mieux comprendre les mécanismes sous-

jacents liant I'exposition.
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Contributions to Original Knowledge

The benefits of greenspace exposure for mental health have been documented in
thousands of studies summarized in numerous systematic reviews and meta-analyses. While poor
mental health can lead to suicidal ideation, self-harm, and even death by suicide, only few
studies have documented associations of greenspace exposure with suicide-related outcomes, and
no systematic review and meta-analysis has been conducted. To address this gap, we completed
the first systematic review of the literature highlighting the associations between greenspace
exposure and suicide-related outcomes across the lifespan. Although it was not possible to
conduct a meta-analysis given the high heterogeneity of greenspace metrics used across studies,
our findings illustrated that 64% of the associations between greenspace exposure and suicide,
self-harm, and suicidal ideation were protective. Of note, none of the included studies focused on
adolescent populations, with the vast majority of published studies on mental health having
focused on adult populations. Adolescence is a key developmental period which coincides with
the onset of mental health symptoms and suicidal ideation. To fill this gap, drawing from a large
longitudinal dataset from the province of Québec, we found that increasing levels of childhood
residential greenspace was associated with lower symptoms of inattention in adolescence. These
findings are especially important as the literature in youth samples has been dominated by cross-
sectional research designs. Conducting prospective population-based studies is imperative when
examining the enduring associations between greenspace exposure and mental health as such
designs allow for the assessment of individuals exposed to various levels of greenspace over
longer follow up periods and provide the capacity to control for key confounding factors
assessed prior to the exposure (e.g., childhood and parental mental health). Collectively, future

work is needed to better understand the mechanisms that drive the associations between
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greenspace exposure and mental health, in addition to experimental studies that can provide
causal inferences regarding associations between greenspace exposure and mental health, which
to date, have been widely drawn from observational research. Nonetheless, it is imperative to
recognize that the findings from the published manuscripts in this dissertation offer further
evidence that there is a protective association between greenspace exposure and attention in

youth and suicidal risk across the lifespan.
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Contribution of Authors

This dissertation consists of two published manuscripts: a systematic review and a
longitudinal cohort study. The research questions, designs, and planned analyses were developed
with the support of my supervisors. For both manuscripts, I was responsible for data processing,
conducted all statistical analyses, fully drafted initial versions of the manuscripts, and am the
first author on both manuscripts. Dr. Geoftfroy along with all co-authors on these manuscripts
contributed by supporting the interpretation of results and reviewing the manuscripts for
important intellectual content. I was further supported by various research scholarships
throughout my doctoral studies, including the Joseph-Armand Bombardier Canada Graduate
Scholarship awarded by Social Sciences and Humanities Research Council (SSHRC), the Fonds
Québécois sur la recherche en santé (FRQS) Doctoral Training Award (partially held), and
Graduate Excellence Fellowship awarded by the Faculty of Education and Counselling

Psychology at McGill University.
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Chapter 1: Introduction

The role of the natural environment for the promotion of physical and mental health has
gained significant research attention in the last decade (Hartig et al., 2014; J. Zhang et al., 2020).
This is particularly relevant as challenges with mental health and suicide stand as prominent
global public health concerns (World Health Organization, 2017a, 2022). Prioritizing the global
mental health research agenda involves developing a better understanding of how features of the
natural environment influence mental health across the lifespan (Collins et al., 2011; Patel et al.,
2018; World Health Organization, 2021).

Along with lifestyle characteristics, such as physical activity, sleep, nutrition, diet, social
connectedness, stress management, and the avoidance of risky substances, greenspace exposure
(i.e., contact with nature) is gaining status as an essential feature of the environment for
cultivating good physical and mental health (Firth et al., 2020; Sundermann et al., 2023). In fact,
there is mounting evidence that greenspace exposure is associated with health across multiple
domains. In regards to physical health, increased greenspace exposure has been associated with
lower odds of obesity (Luo et al., 2020; Ye et al., 2022), improved cardiovascular health (Liu et
al., 2022; Ye et al., 2022; Zhao et al., 2022), and slower epigenetic aging (Kim et al., 2023).
Similarly, for mental health, increased greenspace exposure has been associated with less
symptoms of common internalizing (e.g., depression, anxiety) and externalizing (e.g., Attention-
Deficit Hyperactivity Disorder; ADHD, conduct problems) mental health problems (Liu et al.,
2023;Y. Zhang et al., 2020), in addition to being associated with fewer feelings of loneliness and
isolation (Astell-Burt et al., 2022).

Thus, a growing number of initiatives worldwide have been put in place to promote

contact with the natural environment, particularly greenspaces (e.g., forests, parks) (Parks
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Canada, 2014; Richardson et al., 2016). Such initiatives are typically centred around “nature
prescribing” wherein licensed health care providers provide patients with written prescriptions to
gain free access to and spend time in greenspaces (e.g., nature parks) (Kondo et al., 2020;
Prescri-Nature, 2024; Reed et al., 2021). From a public health perspective, identifying
modifiable protective factors that can help individuals cope with mental health problem
symptoms and boost their well-being remains a top priority. Encouraging contact with
greenspace holds the potential to benefit the general population from all socioeconomic
backgrounds.

As such, investigations on the associations between greenspace exposure and mental
health problem symptoms and suicide are warranted. However, there are several gaps that exist
within the literature. First, the majority of studies included in reviews have been predominantly
cross-sectional (Collins et al., 2020) which limits our ability to understand the long-lasting
associations of greenspace exposure with mental health problem symptoms, as well as providing
the capacity to control for key confounding factors that occur prior to the exposure. Second,
associations have been well documented for common internalizing and externalizing mental
health problem symptoms, with limited evidence regarding the potential beneficial associations
with suicide-related outcomes (i.e., suicide mortality, self-harm, suicidal ideation) (Liu et al.,
2023). Third, there is a paucity of knowledge regarding the associations between greenspace
exposure and Canadian youth mental health, which is important as the onset of most mental
health problem symptoms occurs by mid-adolescence (Solmi et al., 2022). Fourth, there have
been noted differences in the benefits of greenspace exposure for different groups of individuals,

such as for those from lower socioeconomic backgrounds (Balseviciene et al., 2014; De Vries et
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al., 2020; De Vries et al., 2016) and disparities in these associations for females vs. males (Bolte
et al., 2019; Nufiez et al., 2022), although findings have been mixed.

Therefore, the overarching aim of this doctoral research was to bridge the aforementioned
gaps by (a) systematically reviewing the evidence examining the associations between
greenspace exposure and suicide-related outcomes across the lifespan (Chapter 3) and (b)
evaluating the associations between childhood residential greenspace exposure and internalizing
and externalizing adolescent mental health problem symptoms using a large population-based
sample of Canadian Youth from the Canadian province of Québec, while accounting for key
variables at the individual, family, and neighborhood levels (Chapter 4). The intention for this
research was to inform on the associations between greenspace exposure and mental health and

suicide, using a robust methodology, from the perspective of whole populations.
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Chapter 2: Literature Review

2.1 Defining Mental Health

Mental health is an essential component of our overall health and is considered a
fundamental human entitlement (World Health Organization, 2022). Maintaining good mental
health enhances our capacity to connect, function effectively, cope with challenges, and flourish
(World Health Organization, 2022). The spectrum of mental health is intricate, spanning from an
ideal state of well-being to severe conditions characterized by substantial suffering and
emotional distress (Patel et al., 2018; Tudor, 1996).

Well-being is defined as a state of contentment with low levels of distress and an overall
good physical and mental health outlook (White, 2008). Conversely, The Diagnostic and
Statistical Manual of Mental Disorders — 5" Edition — Text Revision (DSM-5-TR) defines a
mental disorder as a clinically significant disturbance in cognitive, emotional, or behavioral
functioning that reflects dysfunction in the psychological, biological, or developmental domains
causing significant distress or disability (American Psychiatric Association, 2022). On the mental
health spectrum, the most deleterious consequence of mental health symptomatology is suicide.

Indeed, the experience of mental health challenges varies in terms of intensity and
distress, leading to potentially disparate social and clinical consequences (World Health
Organization, 2022). Along this continuum, mental health problems manifest diversely and are
perceived differently by individuals (Patel et al., 2018). For instance, conditions such as
depression and anxiety may present as brief episodes of mild to moderate distress, that do not
necessarily require professional follow-up to cope with symptoms (Tudor, 1996). However, these
conditions can also manifest as severe and chronic conditions, necessitating intensive

psychotherapy and pharmacological treatment (Tudor, 1996).
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At any given moment, a varied combination of biopsychosocial and environmental
factors may interact to either support or jeopardize mental health, influencing an individual’s
placement on the mental health spectrum (Marmot et al., 2008; Uher & Zwicker, 2017). Certain
developmental periods hold greater significance than others in this regard. To illustrate, in a
global meta-analysis of 192 epidemiological studies (n = 708, 561), it was found that the global
onset of the first mental health problem occurred before the age of 25 years in 62.5% of the
included individuals, with the peak age of onset being around 14.5 years for most disorders (e.g.,
neurodevelopmental, phobia, feeding/eating, mood) (Solmi et al., 2022). In fact, there was an
additional peak age of onset that was identified in adulthood at around 30.5 years for mood,
substance use, and stress-related disorders (Solmi et al., 2022). These results highlight that across
the life course, it is imperative to promote mental health.

The distinctions regarding the mental health spectrum are important nuances to consider
as the literature has evaluated the associations between greenspace exposure and a variety of
mental health outcomes, including general well-being, internalizing and externalizing mental
health problem symptoms, mental disorders, and suicide. As such, the literature covered below
will draw from studies evaluating the full spectrum of mental health outcomes. Of note, the
published articles included in this dissertation evaluate different areas of the spectrum: Chapter
3 focused on suicide-related outcomes (i.e., suicide mortality, self-harm, and suicidal ideation)
and Chapter 4 focused on internalizing and externalizing mental health problem symptoms,

including ADHD, conduct problems, depression, anxiety, and suicidal ideation.

2.2 Defining Greenspace Exposure

Historically, the term “nature” has been identified to encompass environments that have

not been modified or influenced by human beings, including green and blue spaces (Bratman et

23



GREENSPACE EXPOSURE AND MENTAL HEALTH

al., 2012). However, this definition represents one segment of a wide range of possible gradients,
and the presence of “greenness” in a given landscape can be subject to cultural or personal
interpretations (Buijs et al., 2009). For instance, across this gradient can include natural “green”
environments such as forests, as well as “green” landscapes found in built environments
including urban parks, street trees, or even indoor plants (Bratman et al., 2012; Hartig et al.,
2014). Consequently, it is evident that what constitutes greenspace varies significantly depending
on the environment under study. As opportunities to engage with greenspace, methods of
experiencing it, and how greenspace availability differs across contexts, researchers have had to
conceptualize greenspace in a way that encompasses these differences (Richardson et al., 2011).
As such, there is no current consensus on the definition of greenspace and such
definitions vary across studies (Taylor & Hochuli, 2017). However, a broad definition of
greenspace includes a natural or semi-natural outdoor area completely or partially covered by
vegetation, including parks, forests, trees, natural gardens, meadows, and woodlands. More
specifically, the concept of “greenspace exposure” refers to the availability or contact with
greenspace in a given area (Labib et al., 2020a). This broad-band definition of greenspace
exposure has been adopted in the current dissertation, to allow ease of interpretation across the

literature presented.

2.3 Greenspace Exposure Metrics

Within the literature, there are a range of approaches that have been used to measure
greenspace exposure (Labib et al., 2020b), which have been broadly categorized as objective and
subjective (Chiabai et al., 2020; Y. Zhang et al., 2020).

Objective approaches aim to quantify greenspaces by using measurable, quantifiable data

that provide unique information on the spatial patterns of the earth’s surface (Bannari et al.,
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1995). Specifically, these measures focus on the tangible and physical characteristics of
greenspaces that humans can potentially encounter (Li & Sullivan, 2016; Nieuwenhuijsen &
Khreis, 2019; Nutsford et al., 2013), including: (a) quantity (e.g., total amount of greenspace
within a given area), (b) proximity (e.g., distance to greenspace), and (c) visibility (e.g., view of
greenspace from a specific location or area). Capturing greenspace exposure through these
categories is often done by defining specific areas (e.g., neighborhoods) around key locations
like home addresses (Browning & Lee, 2017; Reid et al., 2018; Su et al., 2019). Buffer analyses
(i.e., creating zones around map features based on distance) are then used to help indicate the
varying degrees of “greenness” surrounding the defined areas (James et al., 2015; Markevych et
al., 2017; Su et al., 2019). The greenspace metrics used for this approach include the Normalized
Difference Vegetation Index (NDVI) and percentage of green cover which are generally
extracted from remote sensing images, land cover map, and Google street view (Hystad et al.,
2019; Labib et al., 2020a). There is also the use of the metric real time global positioning system
(GPS) technology and geographic simulation to provide participants’ daily locations and
movement patterns (Henson et al., 2020; Lachowycz et al., 2012). All of these metrics are proxy
measures for “greenness” and can produce different results for a given location and buffer
distance (Browning & Lee, 2017; Jarvis et al., 2020; Labib et al., 2020a; Su et al., 2019). For
instance, a recent systematic review (n = 45 studies) concluded that the statistical associations to
childhood mental health depends to some extent on the greenspace metric used (Davis et al.,
2021). Evidence was found for an association between the use of NDVI and internalizing and
externalizing mental health problem symptoms, with the most consistent association for these
outcomes in buffers of 100 m, 250 m, and 500 m surrounding a given area (e.g., residential

address, school address, etc.) (Davis et al., 2021). These results echo those of a systematic review
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of predominantly population-based adult samples (n = 59 studies) which highlighted that the
most used greenspace metric was the NDVI (Labib et al., 2020b).

Additionally, there are several landscape metrics that offer a broader understanding of the
spatial patterns and structures of a given landscape, including but not limited to vegetation
(Rahimi et al., 2022; Turner, 1990). Such metrics focus on the degree to which a landscape is
broken down into smaller, isolated patches or fragments due to human activities or natural
processes (Rahimi et al., 2022; Turner, 1990). For instance, landscape metrics measure factors
like patch density (i.e., number of greenspace patches in an area), clumpiness (i.e., proportion of
area covered by greenspace), fragmentation (i.e., how scattered greenspace patches are),
perimeter ratio (i.e., shape of greenspace), and mean patch area (i.e., average size of greenspace
patches) (Mears et al., 2019; Uuemaa et al., 2009). These metrics provide a comprehensive
understanding of greenspace by quantifying its structure and connectivity, ultimately guiding
efforts to conserve, manage, and enhance greenspace within societies at large (Uuemaa et al.,
2013).

On the other hand, subjective approaches aim to identify information regarding the
experiences individuals have in greenspace, allowing them to express their perceptions and
experiences, while also accumulating information via self-report and qualitative assessments.
Typically, this consists of evaluating the quality (e.g., micro features or characteristics) and
perceptions (e.g., perceived greenspace exposure and approximate vegetation density) of
greenspace via questionnaires, understanding individual experiences in greenspace (e.g.,
thoughts/feelings, perceptions of safety) via in-depth interviews or surveys, or quantifying
visits/activities (e.g., duration and frequency) carried out in greenspace (Akpinar, 2016; Hartig et

al., 2014). More recently, the use of virtual reality has gained attention as a potential greenspace
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exposure metric. There are various methods to virtually present green environments such as via
high-definition television, 360-degree virtual reality, and computer-generated virtual reality (Yeo
et al., 2020). The use of 360-degree virtual reality allows users to experience real, pre-recorded
green environments in a panoramic view (Reece et al., 2022). On the other hand, computer
generated virtual reality immerses users in simulated and artificial green environments (Reece et
al., 2022). Virtual green environments have the potential to evoke a sense of presence and
immersion in the green environment (Gorini & Riva, 2008; Riva et al., 2011), which may impact
emotional responses (Diemer et al., 2015).

Indeed, while objective measures rely on quantitative and observable data, subjective
measures capture individual experiences and perceptions related to greenspace exposure. The use
of both types of measures provides a nuanced understanding of how greenspace exposure
contributes to shaping physical and mental health. Together, these approaches provide
opportunities for researchers to explore the multidimensional role greenspace plays in shaping

human health.

2.4 Urban Greenspace

Urbanization is advancing swiftly worldwide, with over half of the global population
currently residing in urban regions. Projections suggest that by 2030, six out of ten individuals
will reside in cities, and this figure will climb to eight out of ten by 2050 (Rydin et al., 2012).
The shift from rural to urban living significantly reduces access to greenspace (Skér & Krogh,
2009; Turner et al., 2004). This change also coincides with a noticeable increase in the
worldwide prevalence of mental health problem symptoms (Ventriglio et al., 2021; Whiteford et

al., 2013).
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While urbanization has enhanced the health status of populations by providing improved career
prospects, educational access, and better healthcare services (Vlahov & Galea, 2003; World
Health Organization, 2017b), it has also introduced new health risks in rapidly expanding cities.
These risks include heightened social disparities (Hartig & Kahn Jr, 2016), poor lifestyle habits
like reduced physical activity and unhealthy diets (De Vries et al., 2011; Hartig et al., 2014), and
the deterioration of the natural environment (World Health Organization Centre for Health
Development, 2010). Consequently, these factors vis-a-vis urbanization may be associated with a
range of physical and mental health conditions (Patil, 2014; Ventriglio et al., 2021). The
collective health impact of urbanization is influenced by the vulnerability and resilience of
particular populations, their capacity to adjust to environmental shifts, as well as how health
services are structured and urban planning is carried out (Gianfredi et al., 2021). Therefore, the
role of publicly available and accessible urban greenspaces is imperative, especially as they have
been previously described as the “lungs of the city” (Jones, 2018). The body of research
presented across Chapters 3 and 4 underscores the significance of examining data sourced from
urban regions, particularly considering the rapid rate of urbanization central to middle- and high-

income regions.

2.5 Research Designs to Consider in Greenspace Exposure and Mental Health Literature

In the evolving literature of the greenspace exposure and mental health field, the
methodological choices and research designs employed have implications for the depth and
validity of our understanding of these associations. In consultation with previous systematic
reviews (Liu et al., 2023; Vanaken & Danckaerts, 2018; Y. Zhang et al., 2020), it is evident that

two categories of study designs have been employed when evaluating greenspace exposure and
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mental health: (1) observational and (2) experimental designs, which have helped shape our
current understanding.

Observational research designs involve the collection of data on participants without
intervening or manipulating variables (Jablensky, 2002). Such designs are often employed to
examine the associations between variables that occur in natural settings (Jablensky, 2002).
Researchers do not impose interventions but rather observe the relations between exposure and
outcome variables (Jablensky, 2002). More specifically, cross-sectional designs capture a
snapshot of data at a single point in time. This can translate into evaluating concurrent levels of
greenspace exposure and mental health outcomes. However, such designs cannot establish
causation nor the long-term associations between prolonged greenspace exposure and mental
health outcomes. Conversely, longitudinal research designs involve repeated observations of a
sample of participants over an extended period of time (Jablensky, 2002). Longitudinal studies
allow for the examination of changes in greenspace exposure and mental health outcomes over
longer follow-up periods and provide the ability to control for key confounding factors assessed
prior to the exposure. In this same line, ecological study designs have also been used in the
literature (Nutsford et al., 2013; Vanaken & Danckaerts, 2018). These designs examine entire
populations or communities, rather than relying on individual-level data (Jablensky, 2002). Such
designs can explore how greenspace exposure (e.g., access, levels of greenness) at the
population-level can be associated with mental health outcomes, providing valuable insights into
community-level dynamics and the possibility to inform public health policies.

In contrast, experimental designs (i.e. randomized controlled trials) aim to investigate
cause-and-effect relationships by manipulating independent variables to observe their effect on

dependent variables, allowing researchers to draw conclusions about the impact of specific
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interventions (Jablensky, 2002). Experimental or quasi-experimental study designs have been
used to explore the effect of a prescribed activity in greenspace (e.g., walking, hiking, gardening)
(Kotera et al., 2021) or evaluating the impact of a participant observing greenspace in person
(with no other form of interaction) (Wen et al., 2019). Ideally, such studies are carried out in
controlled or manipulated environments to determine the causal influence of greenspace on
mental health outcomes.

Overall, both types of research designs are valuable in understanding the associations
between greenspace exposure and mental health. In the current dissertation, the published studies
draw predominantly on observational research designs as such designs hold the potential to

inform associations based on whole populations.

2.6 Greenspace Exposure and Mental Health

In the last decade, there has been an increasing interest in investigating the associations
between greenspace exposure and mental health. Indeed, the number of active journals covering
greenspace and health research has increased significantly over time, from only 1 journal in 1901
to 943 in 2018 (J. Zhang et al., 2020). The multidisciplinary nature of this research area also
contributes to the boost of published articles in this field, given that researchers from various
disciplines (e.g., psychology, psychiatry, environmental sciences, urban planning, to name a few)
come together to better understand greenspace exposure and mental health associations (J. Zhang
et al., 2020). For instance, in 2019 alone, there were over 2000 articles published on the
associations between greenspace exposure and mental health in peer-reviewed journals, with
expected trends that the number of publications on this subject will continue to rise (J. Zhang et

al., 2020). Additionally, definitions of greenspace exposure and the exposure metrics used in this
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body of literature vary significantly. Consequently, in addition to the spike of interest in this field
alongside the various definitions and metrics used, it becomes challenging to ascertain the
current state of evidence regarding the benefits of greenspace exposure in promoting mental
health.

Evidence from observational studies (objective greenspace exposure metrics)

Numerous systematic reviews have investigated the prospective associations between
objective greenspace exposure measures and a wide range of mental health indicators (e.g.,
internalizing and externalizing symptoms, mental health disorders, suicide) in youth (Sakhvidi et
al., 2022; Sprague et al., 2022; Vanaken & Danckaerts, 2018; Y. Zhang et al., 2020), adults
(Geneshka et al., 2021; Liu et al., 2023; Van den Berg et al., 2015), and older adults (de Keijzer
et al., 2020). Most of these reviews have concluded that there is a protective association between
greenspace exposure and mental health problem symptoms, although the majority have
combined both longitudinal and cross-sectional studies making it difficult to summarize their
findings. This is due to inherent methodological differences in cross-sectional and longitudinal
research, such as the consideration of temporal ordering, exposure levels, and selection of
potential confounding factors which make it challenging to provide a unified summary across the
breadth of literature.

In adults, a review of 21 observational (19% longitudinal, 81% cross-sectional) studies
found that increased quantity of surrounding greenspace was associated with better reports of
perceived mental health (i.e., as measured by general mental health questionnaires) (Van den
Berg et al., 2015). These findings are in line with another review of 12 longitudinal studies in
older adults which illustrated that long-term greenspace exposure was associated with reduced

risk of stress, depression and anxiety symptoms, suggesting that long-term greenspace exposure
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is conducive of healthy ageing (de Keijzer et al., 2020). Moreover, in a recent meta-analysis
comprising of 18 studies and pooling data from more than 3,110,728 adults in the general
population, it was found that a 10% increase in the proportion of greenspace was associated with
a lower risk of depression and anxiety, and a 0.1 unit increase in NDVI was associated with a
lower risk of depression (Liu et al., 2023). In youth, a recent review of 29 observational studies
(39% longitudinal, 59% cross-sectional) identified that increased quantity of and proximity to
greenspace was associated with fewer symptoms of internalizing (e.g., depression, anxiety) and
externalizing mental health problems (e.g., ADHD) in children and adolescents aged up to 18
years (Sakhvidi et al., 2022), consistent with two other systematic reviews that evaluated these
associations in youth up to 19 years (Y. Zhang et al., 2020) and 25 years (Vanaken & Danckaerts,
2018) .

However, in a systematic review investigating 40 longitudinal studies of adults from the
general population (published in 2021), minimal evidence was found in support of increased
surrounding greenspace quantity and accessibility as being associated with less symptoms of
common mental health problems such as anxiety and depression (Geneshka et al., 2021). In
contrast, in a systematic review comprised of longitudinal studies evaluating mental health (n =
13 studies) and attentional capacity (n = 7 studies) in youth aged 2 to 18 years, it was found that
there was a protective association between greenspace exposure in toddlerhood/childhood and
attention, along with a lower incidence of psychiatric disorders and conduct problems later in
childhood and adolescence (Sprague et al., 2022).

Evidence from observational studies (subjective greenspace exposure metrics)

Understanding qualitative dimensions of greenspace perception builds upon the

established associations noted between the level of greenness and quantity of greenspace and
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mental health. Subjective greenspace exposure metrics used in observational studies typically
involve providing participants with a questionnaire that assesses the extent to which they feel
connected to greenspace or to provide information regarding perceived greenspace access. In a
systematic review comprising of seven cross-sectional studies of adult samples, it was found that
those who endorsed feeling connected to greenspace and who had a sense of care for greenspace
self-reported higher scores of overall well-being (Houlden et al., 2018). Similarly, in a sample of
1895 Australian adults, it was found that those who perceived their neighborhood as having the
highest level of greenness had 1.60 odds of better general mental health scores compared to those
who had perceived their neighborhood as having the least level of greenness, over and beyond
the influence of socioeconomic status (Sugiyama et al., 2008). In another study of 384 Turkish
adolescents aged 13 to 19 years, participants completed a 15-item questionnaire that assessed
various factors of restorative green environments (e.g., “When I am in greenspace, I feel free
from what my parents and teachers want me to do”’) and they self-reported their previous two
week mental health status (i.e., “very bad” to “very good”) (Akpinar, 2021). The findings
suggested that higher scores of perceiving greenspace as restorative was associated with higher
scores of self-reported mental health status, while adjusting for sex, monthly income, and Body
Mass Index (Akpinar, 2021).

Evidence from experimental studies (objective greenspace exposure metrics)

Experimental studies, such as randomized controlled trials, offer an opportunity to
demonstrate causal relationships between experiences in nature (e.g., walking, hiking) and
mental health. For instance, a meta-analysis comprising of seven randomized controlled studies
in adult populations found that walking in greenspaces (in comparison to control conditions such

as walking in an urban setting) was associated with a reduction in depressive and anxiety
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symptoms (Grassini, 2022), corroborating with results from a recent systematic review (n = 4
randomized controlled trials, » = 10 within-subject and time-series designs with single group
participants) which noted improvements in mood and decreases in rumination, anxiety, and stress
following a nature-based, green-walking intervention (Ma et al., 2023). Together, these findings
are in line with results from a single-blind randomized controlled trial conducted by our own
research team (of which I was second co-author) wherein 47 adult patients from an outpatient
clinic diagnosed with refractory Major Depressive Disorder were randomly assigned to complete
a 60-minute walk in a forest park or urban setting (Watkins-Martin et al., 2021). Throughout this
study, participants rated their positive and negative affect on six occasions: before the walk,
during the walk, immediately after the walk, before bedtime, 24 hours, and 48 hours post-walk.
We found that after controlling for baseline differences in affect, participants who walked in a
forest park experienced lower levels of negative affect (but no difference in positive affect)
compared to those who walked in an urban setting (Watkins-Martin et al., 2021). Interestingly,
another study examined the impact of a nine week mountain hike program in a sample of 17
adult suicidal psychiatric patients, compared to a nine week control period during which patients
received their usual treatment (i.e., psychotherapy and/or medication) (Sturm et al., 2012). The
severity of suicidal ideation decreased from the beginning to the end of the hiking program,
although there was also a decrease in suicidal ideation during the control period, albeit to a lesser
extent. These results suggest that it is uncertain whether mountain hiking is more effective in
reducing suicidal ideation compared to traditional treatment options. Taken together, there is
evidence to suggest that experiences in greenspaces are beneficial for adult populations

experiencing mental health problem symptoms.

34



GREENSPACE EXPOSURE AND MENTAL HEALTH

However, in terms of the potential benefits of greenspace experiences on mental health in
youth, the evidence is limited. One randomized controlled trial of children diagnosed with
ADHD found that these children demonstrated better attentional abilities after completing a 20-
minute walk in a park, in comparison to when they walked in a neighborhood setting (Faber
Taylor & Kuo, 2009). Moreover, in a cross-over experiment, 64 adolescents aged 16 to 18 years
demonstrated better concentration performance (evaluated via d2-R Test of Attention) and
improved well-being after spending their lunch hour in a large green park or forest, in
comparison to those who spent their time in a small green park (Wallner et al., 2018).

Evidence from experimental studies (subjective greenspace exposure metrics)

Some experimental studies (with very few randomized controlled trials) have sought to
understand the effect of subjective and immersive greenspace experiences on mental health as
well as collecting information based on interviews conducted with participants. For instance, a
systematic review comprising of 21 experimental studies sought to determine whether virtual
greenspace immersion (i.e., human-computer interaction via a head-mounted gear that displays
captured media of greenspace and/or computer generated environments) was associated with
positive benefits to psychological well-being (Frost et al., 2022). Of the included studies, 16
evaluated self-report measures of positive and negative affect while the remaining five studies
evaluated physical indicators of stress (e.g., cortisol levels) (Frost et al., 2022). The results
regarding virtual greenspace immersion and affect were mixed, with only seven studies reporting
a significant reduction in negative affect, while eight studies either reported no change or an
increase in negative mood following exposure to greenspace replicated in virtual reality (Frost et
al., 2022). Of note, none of the studies included in this review consisted of youth samples. In

another study, 14 adults from Bristol were instructed to take pictures during their walk in an
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urban environment (Bornioli et al., 2018). Participants were then interviewed within 48 hours of
their walk to elicit information on various feelings that were evoked during the walk (Bornioli et
al., 2018). Thematic analysis revealed that the restorative potential of walking and affective
experiences related to psychological well-being were primary themes associated with walking in
an urban environment (Bornioli et al., 2018). While not all participants took pictures of urban
greenspace during their walk, several of them did and reported positive feelings regarding the
greenspace in the urban environment (Bornioli et al., 2018). Moreover, a sample of 24 American
adolescents participated in three series of forest bathing (i.e., the practice of spending time in
forested areas to invite healing interactions (Clifford, 2021) over a period of three weeks (Keller
et al., 2023). The study consisted of a mixed-methods experimental design wherein adolescents
completed a validated questionnaire (Warwick-Edinburgh Mental Well-Being Scale (Stewart-
Brown et al., 2009) to assess their well-being on three occasions (before and after the first forest
bathing experience and at the end of the three week forest bathing series) as well as completing
open-ended surveys and journal entries (Keller et al., 2023). Quantitative results revealed that
after one time of participating in forest bathing, baseline adolescent mental well-being scores
improved post-forest bathing, suggestive of a moderate effect size (Keller et al., 2023). There
was no significant difference in mental well-being whether adolescents participated in one versus
three forest bathing experiences (Keller et al., 2023). Qualitative findings highlighted the
restorative capacities of forests, along with feelings of gratitude, moment awareness, relaxation,
and development of a clearer mind (Keller et al., 2023).
Rationale for evaluation of suicide-related outcomes

Indeed, numerous reviews have highlighted the protective role of greenspace exposure in

reducing mental health problems (de Keijzer et al., 2020; Kotera et al., 2021; Mavoa et al.,
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2019). Therefore, it appears plausible that similar benefits of greenspace exposure would be
apparent in mitigating suicidal behaviors, especially since one of the most important contributors
of suicide-related outcomes is mental illness (Turecki & Brent, 2016). For instance,
approximately 90% of adults who die by suicide have a comorbid mental disorders, more
commonly depression and substance abuse (Arsenault-Lapierre et al., 2004). Similarly, youth
who have thought of or have attempted suicide concurrently experience depression, anxiety
and/or disruptive mental disorders (Gili et al., 2019; Orri et al., 2020). Consequently, we should

expect a parallel association between greenspace exposure and suicide-related outcomes.

2.7 Selection Effects of Greenspace

Selection effects related to greenspace exposure refer to the processes by which
individuals self-select or are selected into environments with varying levels of greenspace
(Oakes, 2004; Sampson et al., 2002). These factors can significantly influence, moderate, or
confound the observed associations in studies examining the relation between greenspace
exposure and mental health (Oakes, 2004; Sampson et al., 2002).

Effect Modification (i.e., Moderating Factors)

Moderating factors affect the strength or direction of the relationship between two other
variables (Fritz & Arthur, 2017). Essentially, a moderating factor indicates when and under what
conditions the association of one variable on another variable is stronger or weaker (Fritz &
Arthur, 2017). In the context of greenspace exposure and mental health, several moderating
factors have been consistently documented including socioeconomic status and sex/gender.

There are findings that indicate that greenspace might have the capacity to diminish
health disparities linked to socioeconomic disadvantage (Brown et al., 2018; Browning & Lee,

2017; Mitchell & Popham, 2008). However, it has been noted that socioeconomically
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disadvantaged individuals often have inadequate access and availability to greenspace, bringing
forth an important environmental justice issue (Wolch et al., 2014). For instance, in a study
comprising of the population of England (n = 40,813,236), it was found that the all-cause
mortality (including self-harm) was higher for the most socioeconomically deprived in the least
green areas compared to the least socioeconomically deprived in the most green areas (Mitchell
& Popham, 2008). In parallel, it was found that in a sample of 249,405 elderly Americans, higher
levels of neighborhood greenspace was associated with 37% lower odds of depression in low
income neighborhoods, compared to 27% and 21% lower odds of depression in medium and
high income neighborhoods, respectively (Brown et al., 2018). In a sample of 2909 Scottish
children from various socioeconomic backgrounds, an interquartile increase in greenspace was
associated with fewer peer problems for the socioeconomically disadvantaged and better
prosocial behaviors for the most socioeconomically advantaged (Richardson et al., 2017).
Additionally, this study revealed that a lack of access to a garden was associated with
significantly higher levels of hyperactivity and conduct problems for the most socioeconomically
disadvantaged children compared to the least socioeconomically disadvantaged (Richardson et
al., 2017). However, socioeconomically advantaged individuals do not always have more access
to or availability of greenspace. For instance, it was found that in Kansas City, although
socioeconomically disadvantaged neighborhoods had a higher quantity of parks, they were of
lower quality (Vaughan et al., 2013). In comparison, parks in socioeconomically advantaged
neighborhoods had better aesthetics and more basketball courts (Vaughan et al., 2013). These
results highlight that in addition to the unequal distribution of greenspace, the quality of

greenspace can also be a source of environmental injustice (De Vries et al., 2020).
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In addition to socioeconomic status, sex/gender may also modify the associations
between greenspace and mental health. Three systematic reviews aimed to identify whether the
benefit of greenspace exposure on health outcomes was more salient for females or males (Bolte
et al., 2019; Nufiez et al., 2022; Sillman et al., 2022). In the review by Bolte et al. (2019) (n =7
studies), the authors evaluated the associations between greenspace exposure and self-rated
health (i.e., physical and mental health outcomes combined), therefore, the direct results
pertaining to mental health outcomes alone was not possible to ascertain. Regardless, the authors
concluded that the potential effect modification by sex/gender on the association between
greenspace and self-rated health was inconclusive, with some studies illustrating beneficial
associations for only females, others for only males, and several studies highlighting beneficial
associations for both. More recently, a systematic review (n = 16 studies) by Nudez et al. (2022)
revealed that despite females lacking adequate access, proximity, and perceived safety in using
greenspaces, the salutogenic effects of greenspace exposure on mental health was stronger for
them compared to males, corroborating with results obtained in another systematic review (n =
62 studies) which demonstrated stronger associations for females regarding greenspace exposure
and physical health outcomes (e.g., diabetes, obesity, cardiovascular disease) (Sillman et al.,
2022).

Confounding Factors

Confounding factors are extraneous variables that correlate with both exposure and
outcome variables, ultimately obscuring or distorting the true associations between exposure and
outcome variables (Jager et al., 2008). Additionally, confounding factors must not be on the
causal pathway between exposure and outcome variables, otherwise it would be considered as a

potential mediating factor (Jager et al., 2008). Researchers strive to adjust for and understand
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these factors to ensure that observed associations can be more accurately attributed to greenspace
exposure itself rather than potentially overestimating or misinterpreting the role of greenspace
exposure in its associations with mental health. Importantly, given the multidisciplinary nature of
the environmental health field, it is crucial to adjust for factors that encompass not only
individual characteristics, but also family/household and area level characteristics (Kabisch,
2019). Area-level characteristics refer to characteristics of the geographical area or neighborhood
(e.g., socioeconomic status) that could influence the associations between greenspace exposure
and mental health. Adjusting for characteristics at these three levels holds the potential to provide
a robust understanding of the associations between greenspace exposure and mental health.
Within the greenspace and mental health literature, several systematic reviews have
highlighted variables commonly controlled for at the individual, family/household, and area-
levels, including sex, age, ethnicity, and socioeconomic status (Geneshka et al., 2021; Vanaken &
Danckaerts, 2018; Y. Zhang et al., 2020). Although not commonly adjusted for in analyses, pre-
existing mental health conditions may pose barriers to accessing or benefiting from greenspace.
For instance, individuals with chronic and severe mental disorders may be less likely to make use
of green areas, in comparison to healthier individuals who may select residential locations with
more green areas, therefore increasing opportunities for healthy lifestyle habits, such as exercise
(Cohen-Cline et al., 2015). It is also possible that those with severe mental illness reside in
disadvantaged neighborhoods given socioeconomic disparities (Kivimiki et al., 2020). Indeed,
pre-existing mental health problems hold the potential to influence the observed associations
between greenspace exposure and current mental health problems, making such variables

important factors to adjust for.
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Researchers can select for potential confounding factors using various approaches such as
narratively via extensive literature searches or using various techniques such as the Directed
Acyclic Graph (DAG) (VanderWeele, 2019). A DAG is a non-parametric graphical
representation of hypothesized causal assumptions (drawn from theory and expertise) that
identify a minimal sufficient set of adjustment variables (based on the graphical structure) that
aid in obtaining unbiased estimates (Greenland et al., 1999). However, although DAGs have an
appeal to provide an objective method of identifying potential confounding factors, they also
suffer from significant limitations; they result in complex visual models that are not necessarily
more accessible than narrative explanations; they do not allow the representation of circular
causality and loops; many readers have limited literacy in these models; and the algorithmic
identification of the “minimal set of adjustment variables” assumes no measurement error

(Suttorp et al., 2015; Tennant et al., 2021).

2.8 Mechanisms Involved in the Greenspace Exposure and Mental Health Associations

The biophilia hypothesis speculates that human beings have an inherent affinity for the
natural environment (i.e., including greenspace) (Ulrich, 1993; Wilson, 1984). It posits that this
intrinsic connection results in part from our genetic makeup and evolutionary history (Wilson,
1984). Recently, theoretical pathways linking greenspace exposure with mental health expand on
this idea. These pathways delve into the intricate connections between greenspace exposure and
various mental health outcomes, considering factors such as harm reduction, restoring capacities,
and building capacities which ultimately drive the associations linking greenspace to mental
health (Markevych et al., 2017; Zhang et al., 2021). In essence, the conceptual pathways
(pioneered by Markevych et al. (2017) and more recently supported by (Zhang et al., 2021) that

will be summarized below provide a multifaceted understanding of how our interaction with
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greenspace influences health across the biological, psychological, and social domains (see

Figure 1).

Biopsychosocial Mechanisms

Reducing Harm
Reducing exposures to
environmental stressors (e.g.,
air pollution, noise, heat)

Restoring Capacities

Attention restoration and stress \
reduction

Greenspace Mental Health
Exposure

A 4

Building Capacities
Encouraging physical activity
and social cohesion

A 4

Other Potential Pathway
Development of human
microbiome

Figure 1. Theoretical pathways connecting greenspace exposure with mental health. Adapted

from Markevych et al. (2017).

Reducing Harm

Emerging evidence suggests that mental health is impacted by rapidly occurring climate
changes given the impact such changes have on air quality and other factors of built
environments (Clayton, 2021; Cuijpers et al., 2023). To illustrate, in a meta-analysis comprising
of nine studies, it was found that both long-term and short-term exposure to particulate matter
was associated with higher odds of depression, anxiety, and suicide (Braithwaite et al., 2019).

This is particularly alarming given that particulate matter is responsible for the largest proportion
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of air pollution’s health impacts (Manisalidis et al., 2020). However, studies have illustrated that
air pollutant concentrations tend to be reduced in greenspace (Boudier et al., 2022; Hirabayashi
& Nowak, 2016; Lei et al., 2021; Wang et al., 2022). For instance, neighborhoods and schools
with higher levels of surrounding greenness have been documented to have lower air pollution
exposures (Dadvand et al., 2012; Dadvand et al., 2015). Additionally, the rise in air temperatures
in urban settings as a result of high-rise buildings, dense construction zones, and opaque surfaces
(e.g., asphalt and concrete) is associated with both higher levels of air pollution as well as heat
related mortality (Voogt & Oke, 2003; Yuan et al., 2019; Zhang et al., 2015). This is because
there is a greater absorption and storage of solar energy in human made urban settings (Phelan et
al., 2015). However, the presence of greenspace in such environments offers a cooling effect,
improving the overall temperature (Byrne & Yang, 2009; Hamada & Ohta, 2010; Santamouris et
al., 2018), and consequently human health. In parallel, greenspace can also buffer the effects of
noise pollution (i.e., harmful levels of noise that impact human health) which is exacerbated in
urban environments (Dzhambov & Dimitrova, 2014).
Restoring Capacities

There has been significant interest in greenspace exposure as a means for rejuvenating
psychological capacities (Bratman et al., 2012; Hartig et al., 2014). In recent years,
investigations into the revitalizing benefits of greenspace exposure have been shaped by two
theories in environmental psychology: Stress Reduction Theory (SRT) and Attention Restoration
Theory (ART).

The Stress Reduction Theory suggests that exposure to natural environments, such as
greenspace, triggers rapid positive emotions, which counteract negative thoughts and emotions

linked to stress (Ulrich, 1983; Ulrich et al., 1991). By tapping into biologically ingrained
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responses to nature, this theory proposes that interactions with greenspace induces positive
feelings, which reduces physiological stress responses, including hormonal changes and
alterations in cardiovascular and musculoskeletal functions (Ulrich, 1983; Ulrich et al., 1991).
This theory encourages the exploration of how greenspace exposure can lead to both reduced
physiological activation and more positive self-reported emotions. To illustrate, in a sample of 25
adults from the United Kingdom, the authors examined the associations between percentage of
surrounding residential greenspace and both objective (i.e., salivary cortisol) and subjective (i.e.,
self-reported perceived stress) stress measures (Thompson et al., 2012). The results revealed a
significant and positive correlation between cortisol secretion and percentage of greenspace, as
well as higher scores of perceived stress with decreasing quantity of residential greenspace
(Thompson et al., 2012). In this same line, across two studies taking place in Japan (n = 12),
participants were transported between forest and urban environments in order to determine the
role of these environments on stress relief (via measures of salivary cortisol levels, diastolic
blood pressure, and pulse rate), measured while participants were present in each environment
(Lee et al., 2009; Park et al., 2007). The results showed a significant reduction on stress after just
15 minutes in the forest environment, which was not observed in the urban environment (Lee et
al., 2009; Park et al., 2007).

On the other hand, the Attention Restoration Theory suggests that exposure to natural
environments, such as greenspace, helps restore mental fatigue caused by directed attention tasks
(i.e., consciously using cognitive resources to focus on a given stimulus) (Kaplan & Kaplan,
1989; Kaplan, 1995). By intrinsically captivating attention, greenspace enables neural networks
associated with directed attention to recover, ultimately leading to reduced mental fatigue and

enhanced cognitive abilities (Kaplan & Kaplan, 1989; Kaplan, 1995). For instance, in a meta-

44



GREENSPACE EXPOSURE AND MENTAL HEALTH

analysis comprising of 17 experimental studies evaluating immersive and virtual greenspace
exposures across youth and adult samples, it was found that greenspace exposure exerted a
significant and positive effect on selective attention (Stevenson et al., 2018). Similarly, another
systematic review aimed to synthesize the available evidence of short-term greenspace
interventions and sustained attention and working memory in youth samples aged 5 to 18 years
(Vella-Brodrick & Gilowska, 2022). The authors identified 11 studies that fit their inclusion
criteria (e.g., experimental or quasi-experimental designs) and observed that greenspace
interventions took place in the school setting or in indoor environments with plants, with
differing intervention time durations and level of greenery involved (Vella-Brodrick & Gilowska,
2022). The significant results across these studies revealed that greenspace interventions
improved sustained attention (n = 9 studies) and working memory (n = 2 studies) (Vella-Brodrick
& Gilowska, 2022).

Overall, although each theory captures different restorative capacities of greenspace, they
both presume that individuals who spend time in environments that promote rejuvenation (e.g.,
areas with more greenery) will experience greater mental health benefits over time compared to
spending that same amount of time in less restorative environments (Hartig, 2007).
Building Capacities

Greenspace exposure has also been hypothesized to be linked with mental health by
encouraging health-related behaviors such as physical activity and social cohesion. Greenspace
offers opportunity for an accessible and attractive setting to conduct physical activity (Almanza
et al., 2012; Astell-Burt et al., 2013). Several studies have demonstrated that physical activity
completed in greenspace is associated with increased physical and psychological benefits in

comparison to physical activity carried out in other settings (Duncan et al., 2014; Mitchell, 2013;
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Pretty et al., 2005; Richardson et al., 2013; Thompson Coon et al., 2011). Interestingly, an
important precondition for the use of greenspace for physical activity is the perception of safety
pertaining to the greenspace (Jansson et al., 2013). This is especially true for youth, wherein
parental perceptions of safety influenced the likelihood of youth engaging with greenspace
(Ferdinand et al., 2012). Moreover, social cohesion (defined as the shared norms and values,
existence of positive relationships, and feelings of being accepted and belonging) within a
neighborhood also plays an important role in mediating the associations between greenspace
exposure and mental health (Jennings & Bamkole, 2019). To illustrate, gardens can provide a
space for individuals to connect with others (“Yotti’Kingsley & Townsend, 2006) and parks may
support participation in physical activity (Messiah et al., 2018), which may promote interest in

engaging with greenspace (Seaman et al., 2010).

Other Potential Pathway

The biodiversity hypothesis suggests that interacting with organisms in natural settings
enriches the human microbiome, aids immune regulation, and guards against inflammatory and
immune-related diseases (Von Hertzen et al., 2011). Consequently, micro biodiversity could
potentially be another pathway through which greenspace exposure positively impacts human
health. The human microbiota which encompasses bacteria in the gut, mouth, and skin,
significantly influences human health by participating in digestive, metabolic, and immune
functions (Clarke et al., 2010). Various factors including age, ethnicity, and environmental
exposures, like greenspace, impact the composition of the human microbiota (Dimitriu et al.,
2019; Von Hertzen et al., 2011). In an analysis including data from 34 countries, it was found
that increasing levels of residential greenness was associated with greater microbial richness in

human skin and gut samples (Zhang et al., 2023). Butyrate (an important fatty acid in the human
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microbiome) has been associated with mental health benefits via its involvement with the
nervous, immune, and endocrine systems (Brame et al., 2021; Foster et al., 2017). To illustrate,
in a sample of 54 mice, it was found that those exposed to higher quantities of soil butyrate
(derived from plants) demonstrated reduced anxious behaviors in comparison to mice exposed to
lower levels of or no levels of butyrate (Liddicoat et al., 2020). Taken together, the potential of
greenspace to bolster the diversity of the human microbiome offers an interesting avenue that

could positively impact mental health.

2.9 Dissertation Aims

Indeed, the potential benefits of greenspace exposure on mental health appears promising
as evidenced above. However, there are notable areas in which our understanding of the
associations between greenspace and mental health is limited. First, the majority of the studies
included in reviews have been predominantly cross-sectional which limits our ability to
understand the long-lasting influence of greenspace exposure in contributing to less symptoms of
mental health problems (Van den Berg et al., 2015; Ye et al., 2022). Second, to the best of our
knowledge, there has not yet been a systematic review that has evaluated the associations (if any)
between greenspace exposure and suicide mortality, self-harm, and suicidal ideation, which
remains a public health priority. Third, it has been demonstrated that socioeconomically deprived
individuals disproportionately benefit from increased greenspace exposure (Balseviciene et al.,
2014; De Vries et al., 2016) but also tend to reside in neighborhoods with less access to and
quantity of greenspace (De Vries et al., 2020; Landry & Chakraborty, 2009), bringing forth
important environmental inequities in the distribution of greenspace that could ultimately impact
mental health. Consequently, further investigations on the role of socioeconomic status and

greenspace distribution are warranted. Fourth, there is emerging evidence (Bolte et al., 2019;
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Nufiez et al., 2022) that the benefits of greenspace exposure are more salient depending on the
sex/gender of an individual, although the findings remain mixed.

Therefore, the published studies included in this dissertation sought to determine whether
greenspace exposure is associated with suicidal risk (i.e., suicide mortality, self-harm, and
suicidal ideation) across the lifespan (Chapter 3, published in Science of the Total Environment,
Impact Factor: 10.75) and to better understand the associations of greenspace exposure with
internalizing and externalizing mental health problem symptoms across childhood and
adolescence in a population-based sample of Canadian youth (Chapter 4, published in Social
Psychiatry and Psychiatric Epidemiology, Impact Factor: 4.52). Specifically, there were two
research questions driving this doctoral research: (1) Is greenspace exposure associated with
suicidal risk in youth and adults? (2) Is childhood residential greenspace exposure associated
with internalizing and externalizing mental health problem symptoms in adolescence, while
considering important individual, family, and neighborhood characteristics? Additionally, do

such associations vary by sex and socioeconomic status?
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Chapter 3: Association between greenspace exposure and suicide-related outcomes across

the lifespan: A systematic review
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Geoffroy, M. C. (2023). Association between greenspace exposure and suicide-related

outcomes across the lifespan: A systematic review. Science of the total environment,
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Abstract

A growing number of studies has linked greenspace exposure to suicide, but findings are
inconsistent. We conducted a systematic review on the associations between greenspace exposure
and suicide-related outcomes (namely, suicide mortality, self-harm, and suicidal ideation) up
until January 6, 2023. We used the Mixed Methods Appraisal Tool (or MMAT) to assess the
quality of the included studies.

In total, 23 studies met our inclusion criteria, consisting of 14 ecological, four cross-
sectional, three longitudinal, and two experimental studies. Most studies were published in 2022
and conducted in Europe (n=10), Asia (n=7), and North America (n=5), with one worldwide
analysis. Various indicators were used to assess greenspace exposure including objective
measures (e.g., level of surrounding greenness, quantity, structural features, tree canopy
coverage), and greenspace use (e.g., duration and frequency). Suicide mortality was the most
studied outcome (n=14). Quality assessment showed that most (87%) of the included
observational studies used representative samples. Protective associations of exposure to
greenspace were reported for suicide mortality (9/14 or 64%), self-harm (n=3/5 or 60%) and
suicidal ideation (n=4/6 or 67%), with nine or 36% studies reporting no association. Most of the
included studies adjusted for key covariates such as age, sex, and socioeconomic status at various
aggregate levels (e.g., household, city). For greenspace exposure and suicide mortality, studies
stratified by sex (n=10) showed larger protective associations for females (#n=7) than for males
(n=4). However, the included studies showed high heterogeneity in terms of exposure indicators
and greenspace definitions. Experimental studies and studies using youth samples were rare.
While more research is warranted, preliminary findings suggest protective associations between

greenspace exposure and suicide-related outcomes.
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Introduction

There is growing recognition that individuals’ mental health can be influenced by their
physical and natural environments. For instance, factors such as increased weather temperature
[1], air pollutants (e.g., particulate matter) [2], and urbanization [3] have been shown to
contribute to poorer mental health. There is currently a surge of interest in studying the role of
greenspace exposure, which refers to the availability or contact with natural or semi-natural
outdoor areas completely or partially covered by vegetation (e.g., woodlands, parks, and forests
[4, 5]). Several systematic reviews have evaluated the associations between greenspace exposure
and a range of mental health issues [6-15], including a recent meta-analysis consisting of 18
cross-sectional and longitudinal studies evaluating depression and anxiety [16]. However, the
quality of these studies varies considerably, with most studies employing cross-sectional designs.

Some prospective studies drawing from large samples have demonstrated protective
associations between greenspace exposure and various psychiatric disorders. To illustrate, in a
large representative sample of adults residing in cities across the United Kingdom, an
interquartile increase in residential greenspace was associated with 4.0% lower odds of major
depressive disorder, after adjusting for a range of confounding factors such as household and
neighborhood socioeconomic status [17]. Similarly, it was found that for youth living in urban
neighborhoods in Denmark, those exposed to the lowest level of greenspace had up to 55%
higher risk of suffering from mental illness in adulthood (e.g. schizophrenia, substance abuse,
and mood disorders), independent of family history of mental illness and other key confounding
factors [18]. The protective role of greenspace exposure on mental health has been hypothesized
to occur given that greenspace (1) reduces stress and increases attentional capacities, (2)

mitigates exposure to harmful pollutants, and (3) strengthens psychosocial adaptation by
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encouraging physical activity and social connection [19-21]. Given the well-known association
between mental health and suicide [22, 23], it is reasonable to expect that greenspace exposure
could play a similar beneficial role in mitigating suicidal risk.

Studies based on adults of varying age ranges linking greenspace exposure with suicide
related outcomes have produced mixed findings. While some report lower rates of suicide
mortality in regions with increased levels of residential greenspace [24, 25], others have found
no associations [26, 27]. Additionally, the association between greenspace exposure and health
may vary between sexes, with some evidence suggesting that greenspace has greater benefits for
females’ physical health [28] and cognitive function [29] than for males. For suicide-related
outcomes, sex differences in greenspace associations with suicide-related outcomes have yet to
be clarified as findings have been inconsistent [27, 30].

Suicide is one of the leading causes of death worldwide [31, 32], accounting for 1.4% of
all deaths globally [33]. There is an urgent need to better understand the role of modifiable
environmental factors, such as greenspace exposure, which could be a source of influence [34].
Therefore, the findings from this review will provide valuable insights for decision-makers,
inform future research, guide the planning and design of greenspace, and contribute to the
development of effective suicide prevention strategies. The aim of this study was to
systematically review existing evidence on the association between greenspace exposure and
suicide-related outcomes across the spectrum, i.e. suicide mortality, self-harm, and suicidal
ideation. Additionally, we aimed to provide sex-specific differences in outcomes when data was

available.

Method
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This systematic review was conducted in accordance with the Preferred Reporting Items
for Systematic reviews and Meta-Analyses (PRISMA) 2020 guidelines [35]. The review protocol
was registered in PROSPERO (CRD42021229744).

Eligibility Criteria

Articles were included if they: (1) reported the associations of outdoor greenspace with
suicide mortality, self-harm, or suicidal ideation; (2) were published in peer-reviewed journals in
either French or English; (3) included original data; (4) used either subjective or objective
measure(s) of greenspace. Studies that focused on blue space, or indoor vegetation (e.g., house
plants), pictorial representations of greenspace (e.g., images or videos) or sensory aspects of
greenery (e.g., sound, audio clips, or smells), or used qualitative methods, were excluded.
Information Source and Search Strategy

One of the authors (DB) conducted a comprehensive search on the OVID platform,
including PyscInfo, MEDLINE, and Web of Science, to identify published articles (from
inception up to January 6, 2023) that examined the associations between greenspace exposure
and suicide mortality, self-harm, and suicidal ideation. Additionally, the reference lists of all
included studies were manually searched to identify additional relevant studies that may not have
been captured by the search algorithm.

The search strategy combined terms related to greenspace (e.g., greenery, garden, park,
natural environment) and suicide-related outcomes (e.g., suicide mortality, suicide attempt, self-
harm, suicidal ideation, non-serious suicidal self-injury). The initial search was developed in
collaboration with an expert librarian (EK) specifically for PsycInfo (Ovid), and it was

subsequently adapted for the other databases. The search was further updated in collaboration
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with an expert librarian (JB). A complete list of search terms used for all databases can be found
in Appendix Tables A1-A3.
Selection Process

After removing duplicates, three researchers (DB, ES, LA) independently reviewed the
title and abstracts of all articles to assess their suitability for inclusion using a blinded
standardized protocol that incorporated a set of eligibility criteria derived from best practice
guidelines for abstract screening in large-evidence systematic reviews and meta-analyses [36].
Subsequently, the researchers (DB, ES, LA) independently and blindly reviewed the full-text
articles that remained after the abstract screening process to determine their eligibility for
inclusion (agreement on inclusion, kappa coefficient=0.99). Disagreements between researchers
were resolved through discussion, and, if necessary, through consultation with a fourth author
(M-CQ).
Data Collection Process and Risk of Bias Assessment

The primary investigator (DB) developed a data extraction form on Microsoft Excel. The
same researcher (DB) extracted the data, and three other researchers (M-CG, MO, FV) verified
the accuracy of the data extraction. Any discrepancies were resolved through discussion. The
following information was extracted from each eligible article: first author of the article, year of
publication, study design, sample size, study population and setting (i.e., study location
(country), age, sex/gender, ethnicity), greenspace definition, greenspace exposure metric,
covariates, and fully adjusted results. If a study’s main result(s) was not available in the main text
or supplementary material, we contacted the corresponding author to obtain the information. We
sent up to two follow-up emails to corresponding authors to request the information; if no

response was received, we extracted data based on the available published information. In the
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summary figure, we indicate whether the reported associations between greenspace and suicide-
related outcomes are positive (i.e., protective when there is at least one positive association
across greenspace indicators), negative (i.e., harmful when there is at least one negative
association across greenspace indicators) or null (i.e., non-significant). Considering the wide
range of greenspace exposure indicators and buffer sizes, coupled with data collected at both
ecological and individual levels, meta-analysis was not suitable, and therefore, results are
described narratively.

We categorized greenspace measures as objective and subjective based on the existing
literature [8, 37]. Objective greenspace measures evaluate the proximity (e.g., distance to
greenspace), quantity (e.g., total amount of greenspace within a given area), and visibility (e.g.,
view of greenspace from specific location or area) of greenspaces that are available and that
individuals may come into contact with [38-40]. Common metrics used include the Normalized
Difference Vegetation Index (NDVI) and percentage of green cover, which are generally
extracted from satellite remote sensing images, land cover map, and Google Street view [4, 41].
Subjective greenspace measures aim to describe people’s experiences of greenspace such as
evaluating the quality (e.g., micro features or characteristics) of greenspace or quantifying
visits/activities (e.g., duration and frequency) carried out in greenspace [20, 42]. Experimental
designs have been used to evaluate the effect of prescribed activities in greenspace (e.g.,
walking, hiking, gardening) [15] to determine the causal influence of greenspace on mental
health outcomes.

Following prior systematic reviews [14, 43], we used the Mixed Methods Appraisal Tool
(MMAT) to appraise and describe included studies based on their design (e.g., randomized

controlled trials and quantitative non-randomized trials such as observational, experimental, etc.)
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[44, 45]. The MMAT includes five [44, 45] items tailored to each study design [46, 47]. The risk
of bias for each study was scored as low (“yes” on MMAT, indicated higher quality), unclear
(“can’t tell” on MMAT, indicated uncertainty in quality), or high (“no” on MMAT, indicated
lower quality) (see Fyfe-Johnson et al. [14]). One author (DB) completed the quality assessment
for all included studies and three authors (M-CG, MO, FV) subsequently completed the MMAT

independently. Any discrepancies were resolved through discussion.

Results
Study Selection and Overview of Studies

We initially identified 8,566 records through our database searches. After removing
duplicates, we screened 6,079 records, of which 33 were reviewed as full-text articles, with 21
retained for review (PRISMA 2020 flow diagram, Figure 1) [24-27, 30, 48-63]. In addition, we
conducted searches of the reference lists of the included studies and identified one additional
article [64] and then identified one additional article by manual search [65]. A total of 23 articles
were thus included in the final review (studies excluded during the full-texts screening process
are listed in Appendix Table A4).

Characteristics of the retained studies including greenspace exposures, suicide-related
outcomes, and main adjusted outcomes are presented in Tables 1-3. The year of publication of
the studies ranged from 2008 (n=1) to 2023 (n=1), with the majority published in 2022 (n=8).
Ten studies were conducted in Europe, while seven in Asia, five in North America, and one
included data from 183 countries [58]. Most of the studies were observational (91%) while two
(9%) had experimental designs. The observational studies consisted of both ecological (i.e.,
aggregated area-level data) (n=14), and individual-level data, including cross-sectional (n=4),

and longitudinal cohort (n=3) designs. The statistical sample size varied greatly in observational
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studies, ranging from 19 [56] to 296 [63] urban and/or rural areas in ecological studies, and 61
[55] to 8,741,021 [54] participants in studies using individual-level data. The number of
participants included in experimental studies ranged from 15 [64] to 17 [53]. The populations
evaluated in the studies included youth (n=1), adults, and the general population. An array of
covariates was used across the 21 observational studies ranging from the individual to household
to area levels (e.g., city). The most common adjustments at the individual level were for
demographic characteristics, such as age, sex (or gender) and marital status. At the household
level, the most common adjustment was for household income, while at the area level,
adjustments were commonly made for air pollution, urbanicity, and socioeconomic status. An
overview of the studies examining greenspace exposure and the direction of associations with
suicide-related outcomes can be found in Table 4.

Ratings for each MMAT question can be found in Appendix Table A5, stratified by
study design. Regarding the risk of bias assessment, 20 (87%) out of the 23 studies met the
criteria for sample representativeness. In the majority of the observational studies (95%), the
greenspace exposure metrics and suicide-related outcome measures were deemed appropriate.
Fourteen out of the 21 (67%) observational studies administered the greenspace metric as
intended (e.g., consideration of whether changes occurred in exposure status among
participants).

Greenspace Metrics

Greenspace was defined as natural land (e.g., woodland, agricultural land, grassland,
forests, grass/shrubs) surrounding a given area, such as residential home addresses, cities,
schools [52], or prison establishments [49]. The majority of studies focused predominantly on

urban regions, although one study included a mix of urban and rural regions [57].
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Most studies used an objective measure of greenspace (87%), while the remaining 13%
used subjective measures. The most commonly used objective indicators were the proportion of
greenspace (i.e., green land cover) within various physical area classes, such as parks and
municipalities, and the level of greenness assessed through the Normalized Difference
Vegetation Index (NDVI) derived from satellite remote sensing data. Less commonly used
greenspace indicators included the amount of tree canopy cover [61, 62, 65], structural features
(e.g., mean green patch area/distance, patch density) [51, 62] and the perceived decrease of time
spent in natural green settings [55]. In studies that used individual-level data, greenspace
exposure was characterized within circular buffers around residential or school addresses (i.e.,
mean or max NDVI values) ranging from a radius of 100 m to 1000 m. Other studies using
individual-level data defined greenspace exposure as the proportion of greenspace in physical
areas averaging 4 km? [48] and as the number of parks and green areas per capita (maximum
33.1m?*/per capita) [25]. Studies using ecological-level data often relied on the proportion of
greenspace within a given administrative area as a measure of greenspace exposure, which
encompassed larger regions (e.g., 5000 m?, Bixby et al. [27]) in comparison to smaller buffers
evaluated in areas surrounding residential or school addresses. Moreover, the use of ecological-
level greenspace indicators involved the evaluation of annual greenness levels, both at the
country level [58] and within buffers (ranging from 100 m to 800 m) surrounding housing
communities [59].

In experimental studies [53, 64], greenspace exposure was characterized by the frequency
and duration of walks in forest settings. Specifically, the frequency of walks ranged from 1 to 3

times per week over a period of 9 to 13 weeks, with durations typically lasting 2 to 3 hours.

Suicide-Related Outcomes
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Suicide mortality was examined as an outcome in 14 (61%) of the studies, self-harm in 5
(23%) studies, and suicidal ideation in 6 (26%) studies. All studies evaluating suicide mortality
used record linkage to death certificates as defined by the International Statistical Classification
of Diseases classification codes (ICD-10 X60-X84) or similar codes available in the study’s
country. Regarding self-harm, 3 (60%) studies used record linkage and 2 (40%) used a
questionnaire-based assessment. Additionally, for studies evaluating suicidal ideation, 5 (83%)
used a questionnaire and 1 (17%) constructed a suicidal ideation index via an online search
engine in China. Further details regarding suicide-related outcomes of the included studies can
be found in Appendix Table A6.
Suicide Mortality

Fourteen studies, including 10 ecological [24, 27, 51, 56-60, 62, 65], 3 longitudinal [26,
30, 54], and 1 cross-sectional [48] evaluated the associations between greenspace exposure and
suicide mortality. Three of these studies reported the associations between greenspace exposure
and suicide mortality by sex, with no results on the total sample provided [27, 54, 57]. Of these 3
studies, the direction of associations between greenspace exposure and suicide mortality were
mixed; one study found that park density and woodland coverage was protective of suicide
mortality [57], another found no significant associations [27], and one concluded that increasing
levels of greenness increased suicide mortality or did not influence it, dependent on sex [54].

Five studies investigated the level of greenness using NDVI with marked inconsistency in
the direction of the associations. Two studies found that increasing levels of greenness were
associated with lower rates of suicide mortality at the country level [58] and at 300 m and 1000
m buffers surrounding residential addresses [30]. Conversely, no protective associations were

observed between levels of greenness and suicide mortality surrounding urban public housing
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communities across buffers of 100 m, 200 m, 400 m, and 800 m [59] or residential addresses in
the Netherlands across buffers of 300 m, 600 m, or 1000 m [26].

Three studies found that for the general population in the Netherlands, Korea, and
Taiwan, increased quantity of greenspace was associated with lower suicide mortality. For
instance, municipalities [24] with large or moderate proportions of greenspace and counties with
larger areas of greenspace [56] were associated with lowered suicide risk. Additionally, it was
found that across 56 cities, increasing per capita park area was associated with a lower suicide
mortality rate [60]. On the other hand, in studies using data from England with minimum
mappable area of 5000 m? [27] and average physical area of 4 km? [48], the proportion of urban
greenspace was not associated with suicide mortality.

Several studies evaluated various landscape metrics as they relate to greenspace,
including structural features (e.g., green patch area) [51, 62] and percentage of tree canopy [65].
While increased tree canopy percentage, canopy shape, larger green patch area/mean patch area
(i.e., average size of greenspace patches), and clumpiness (i.e., proportion of area covered by
greenspace) were associated with lower suicide mortality [51, 62, 65], higher greenspace
fragmentation (i.e., how scattered greenspace patches are) and density (i.e., number of
greenspace patches in an area), longer green patch distance, and increased perimeter ratio (i.e.,
assessment of shape of greenspace) were associated with higher suicide mortality rates [51, 62,
65].

Self-Harm

Five studies, including 3 ecological [49, 50, 61] and 2 cross-sectional studies [25, 52],

investigated the associations between greenspace exposure and self-harm. Three of them

reported statistically significant associations between various greenspace metrics and self-harm.
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For instance, Min et al. [25] found that residing in urban districts with less parks and greenspace
per capita were associated with higher odds of suicide attempt, in comparison to districts with the
most greenspace (OR=1.27, 95%CI [1.02-1.57]). Similarly, Lee et al. [61] found that for adults
residing in Ohio, a one percentage point increase in tree canopy coverage at the Census Block
level significantly lowered the suicide attempt rate by 0.9%, although residential surrounding
tree canopy coverage was not associated with the suicide attempt rate. In another study,
conducted in England and Wales, a higher proportion of greenspace within prison establishments
was associated with lower incidents of self-harm [49]. Two studies found no association between
greenspace and self-harm [50, 52]. In a sample of 5535 Canadian youth aged 11-20 years, an
inter-quartile increase in levels of greenness surrounding schools within buffers of 500 m and
1000 m was not associated with suicide attempt [52]. Another study found that the percentage of
urban greenspace was not associated with self-harm hospital admission rates in the United
Kingdom [50].
Suicidal Ideation

Six studies, including 3 cross-sectional [25, 52, 55], 2 experimental [53, 64], and 1
ecological [63] investigated whether greenspace exposure was associated with suicidal ideation.

Of the 4 observational studies, 2 of them found statistically significant associations
between greenspace and suicidal ideation while 2 did not. Two studies found that districts with
greater parkland area in Korea and China were associated with lower odds of suicidal ideation
[25, 63]. Moreover, a study of psychiatric inpatients (rn=61) in Toronto, found that their perceived
decrease of time spent in greenspace during the Covid-19 pandemic was associated with a trend
in higher odds of experiencing suicidal ideation, although confidence intervals included one

(Odds Ratio=4.71, 95%CI [0.78-28.34]) [55]. Srugo et al. [52] found that in a sample of youth
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aged 11-20 years, increasing levels of greenness surrounding the school environment was not
associated with suicidal ideation in buffers of 500 m and 1000 m.

The two experimental studies that evaluated the frequency and duration spent in
greenspace in reducing the severity of suicidal ideation for psychiatric inpatients found mixed
evidence. In Iwata et al. [64] pre-post design, 15 patients (mean age=47 years) reported a
reduction of suicidal ideation, according to the Beck Depression Inventory and the Hamilton
Depression Rating Scale, after receiving a 13 week intervention consisting of 2-hours of
activities in various forest settings (i.e., 1-1.5-hour forest walks followed by 30-minutes of
socializing). In comparison to their baseline suicidal ideation scores patients reported lower
scores post intervention (means presented in study’s figures only). Using a randomized cross-
over design, Sturm et al. [53] evaluated the effects of hiking on 17 adults (mean age=43 years) at
elevated risk for suicide who enrolled in a 9-week mountain hiking program (3 hikes per week,
2-3 hours each) versus a 9-week control period in which they received their typical treatment
(e.g., psychotherapy). At baseline and follow-up, suicidal ideation was measured using the Beck
Scale of Suicidal Ideation. Similar to Iwata et al. [64], the severity of suicidal ideation decreased
from baseline (Mean score=10) to follow-up (Mean score=6) during the hiking phase (Cohen’s
d=-0.79, p<0.005). However, the severity of suicidal ideation also decreased, but to a lower
extent, during the control phase from mean scores of 10 to 8 (Cohen’s d= -1.8, p=0.212). Across
both the hiking and control conditions, the reduction in severity of suicidal ideation was not
significant (Cohen’s d=0.29, p=0.25), suggesting that it is not possible to ascertain whether

mountain hiking ameliorates suicidal ideation more than traditional treatment options.

Associations by Sex
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Of the 23 included studies, 10 presented associations between greenspace exposure and
suicide mortality stratified by sex [26, 27, 30, 51, 54, 56-58, 60, 62] (Table 5).

Of these 10 studies, 4 evaluated the level of greenness via NDVI and found mixed
results. Asri et al.[58] identified that the increasing annual average value of greenness
(surrounding buffer size not provided) across 183 countries was associated with lower suicide
mortality for females and males, of similar magnitude. On the other hand, Helbich et al. [26] did
not find significant associations that increasing levels of residential greenness at surrounding
buffers of 300 m, 600 m, or 1000 m was protective for either females or males. One study in
Belgium found that at surrounding buffers of 300 m and 1000 m increasing levels of residential
mean greenness was associated with lower suicide mortality for females, but not males [30].
Lastly, although living in neighborhoods in the Netherlands with higher levels of mean greenness
(surrounding buffer size not provided) did not influence the suicide mortality rate in males, it
was found that this would actually increase the suicide mortality rate in females [54].

Four studies evaluated whether the quantity of greenspace influenced suicide mortality
differently for females and males. Although one study found that the greenest (versus least green)
urban areas were not associated with suicide mortality for both females and males [27], another
study demonstrated that increasing green coverage was associated with lower suicide mortality
with similar estimates for females and males [56]. In contrast, Kim and Sung [60] found that for
females (but not males), increasing park area was associated with a lower suicide mortality rate.
A Japanese study found that associations with suicide mortality varied depending on participant
sex, age, and city size [57]. For instance, in large cities, increasing park density for females (aged
18-39 years) and males (aged 18-39 and 65+ years) was associated with lower suicide mortality.

Conversely, in small/medium cities, park coverage was associated with lower suicide mortality in
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females (aged 40-64 and 65+ years), while in rural areas, woodland coverage was associated
with lower suicide mortality in males only (age 40-64 and 65+ years).

Furthermore, in studies examining various landscape features of greenspace, differing
metrics were associated with different suicide mortality rates depending on sex. For example,
Shen and Lung [51] found that larger green patch area was associated with a lower suicide
mortality rate in females, while higher greenspace fragmentation and longer green patch distance
increased it. In males, however, only higher greenspace fragmentation was associated with a
higher suicide mortality rate. Similarly, another study demonstrated that some metrics were
associated with higher (e.g., patch density and perimeter area ratio) or lower (e.g., percentage of
landscape, mean patch area) suicide mortality for females; however, for males, only an increase
in patch density was associated with higher suicide mortality rates (null results for all other
greenspace metrics) [62]. Additionally, it was found that, for both females and males, increased
tree canopy was associated with lower suicide mortality rates, while increased perimeter ratio

was associated with higher suicide mortality rates.

Discussion

To our knowledge, this review represents the first comprehensive examination of the
published evidence on the associations between greenspace exposure and suicide outcomes,
including suicide mortality, self-harm, and suicidal ideation. The search of three databases
identified 23 eligible studies, mostly observational, with a focus on suicide mortality and took
into account confounding factors such as age, sex, and socioeconomic status at household and
area levels. The overall findings suggest that exposure to greenspace is associated with lower

suicide-related outcomes, with 64% of associations showing a positive association, particularly
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among females. However, uncertainty persists, as 36% of associations did not report such
associations.
Interpretation of Findings

For suicide mortality, 9 out of the 14 studies reported a protective association with
greenspace exposure. These estimates are consistent with findings from studies of greenspace
exposure and other psychiatric diagnoses [17, 18] including a recent meta-analysis consisting of
18 studies which found that both increasing proportions (merged Odds Ratio= 0.96, 95%CI
[0.95, 0.98]) and levels (merged Odds Ratio= 0.93, 95%CI [0.89, 0.98]) of greenspace were
associated with a lowered risk of depression [16]. Additionally, the results align with findings
from 4, 645, 581 adults in the United Kingdom which demonstrated that small parks (i.e., areas
for rest and recreation <4000 m?) were protective of all-cause mortality, although suicide
mortality was not investigated [66]. However, 3 out of the 14 studies did not find that greenspace
exposure was protective of suicide mortality across the full sample [26, 48, 59], while 2 studies
only reported associations by sex and found that greenspace exposure was either not protective
[27, 54], harmful [54], or depended on the participant’s sex. Although it is not possible to
ascertain the differences of observed associations in these studies, some methodological
variations should be noted. These include lack of adjustment for key variables at the individual
level, including previous mental health history [54] and socioeconomic status [59], as well as
differing metrics used for greenspace exposure, such as the use of different buffer sizes [26, 59],
and area coverage [27, 48]. Regarding the associations with suicide mortality within specific
buffer sizes, the findings from this review did not yield consistent results given that not all
studies reported the buffer sizes investigated nor did they evaluate the same surrounding buffer

sizes. For instance, across buffers of 300 m and 1000 m, increasing levels of greenness was not
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associated with suicide mortality in one study [26], although in another study [30], increasing
levels of greenness at surrounding buffers of 300 m and 1000 m was associated with lower
suicide mortality. Alternatively, in surrounding buffers of 100 m, 200 m, 400 m, and 800 m,
increasing levels of greenness was not associated with suicide mortality [59]. Previous work has
highlighted that small buffer sizes (i.e., <100 m) are representative of vegetation directly outside
the area of residence, whereas medium buffer sizes (i.e., >100m) represent vegetation that is
visible around the home; and such differences in buffer distance have been hypothesized to
contribute to the mechanisms by which greenspace benefits mental health [21, 67].

A recent systematic review on physical health outcomes suggested that greenspace
exposure was more beneficial for females than for males [28]. These results parallel findings
from the current review illustrating that greenspace exposure was more protective against suicide
mortality for females compared to males. Although the mechanisms by which sex modifies the
associations between greenspace and mental health remain unknown, it was hypothesized that
physiological and psychological responses to greenness may differ across female and male
individuals [28, 68]. Furthermore, more research is needed to better understand whether these
associations are sustained across the full spectrum of suicide-related outcomes, i.e., self-harm
and suicidal ideation. Additionally, the associations by sex might also depend on the specific
indicator used to measure greenspace exposure. For example, Vaz et al. [62] found that aspects of
the urban environment such as percentage of green landscape and mean patch area were
associated with lower suicide mortality in females, while Shen and Lung [51] found that higher
greenspace fragmentation was associated with more suicide mortality in males. These findings

are in line the greenspace literature more generally, as various studies have highlighted that
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associations with health and mental health also vary depending on the greenspace indicator used
[69-71]. Further work is needed to address these unresolved questions.

Although greenspace exposure is associated with reduced suicide mortality in many
studies, it is not possible to ascertain the temporal sequence from initial exposures to death by
suicide as a function of greenspace exposure. Suicidal risk is complex comprising of an interplay
between proximal (e.g., mental illness) and distal (e.g., environmental influences) factors that
vary greatly among individuals [72, 73], and the predominance of ecological designs that
evaluated suicide mortality limit the ability to understand individual heterogeneity.

Regarding suicidal behaviors (i.e., self-harm and suicidal ideation), 6 out of the 9 studies
found protective associations. These studies employed a variety of objective indicators (e.g.,
level of surrounding greenness) and subjective indicators (e.g., perceived decreased time spent in
greenspace) of greenspace exposure. Notably, 2 out of the 9 studies did not find that greenspace
exposure was protective against suicidal behaviors [50, 52], while 1 demonstrated a trending
association [55]. Of these 3 studies, 1 evaluated the associations of school surrounding greenness
and suicidal behaviors in youth, suggesting that greenery in schools may not have an important
influence on suicidal risk [52]. As for studies that evaluated prescribed walking programs in
green settings [53, 64], it is unclear whether the observed decrease in suicidal ideation scores
were due to walking in the green setting or mediated via physical activity. A recent meta-analysis
of randomized controlled trials and non-randomized studies (n=15) demonstrated that
prescriptions from a mental health professional to spend time in green environments (e.g., by
walking, gardening, engaging in mindfulness and relaxation) had a moderate effect on depression
scores [74]. Similarly, a recent randomized controlled trial including 37 outpatients diagnosed

with major depressive disorder found that a 60-minute walk in green and urban settings reduced
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negative affect, although larger effects were observed for participants who walked in the green
versus urban setting [75]. These findings underscore the importance of randomized controlled
studies to help clarify whether greenspace exposure can causally decrease the risk of suicidal
ideation and self-harm. Such interventions hold promise as complementary prevention strategies
that are widely accessible and free of charge [34].

In our analyses, we reported fully adjusted estimates as there is evidence suggesting that
conditions of the natural environment are closely associated with various factors that can
contribute to suicide [76, 77]. For instance, healthier individuals may select residential locations
with more green areas, increasing opportunities for exercise and lowering exposure to air
pollutants [78]. It is also possible that those with severe mental illness reside in disadvantaged
neighborhoods given socioeconomic disparities [79]. It has been documented that disadvantaged
areas are more likely to have less greenspace [80-82], which brings forth important equity
concerns. Most of the included studies in this review controlled for these factors, and adjustment
for socioeconomic indicators at the household (e.g., income, employment status) or area (e.g.,
deprivation indices) level was generally adequately considered. However, we recommend that
future research also control for familial mental health history in analyses, as adjustment for these
variables can provide a better understanding of the temporal sequence of associations between
greenspace exposure and suicide.

The mechanisms in which greenspace promotes good mental health are not fully
understood. It has been hypothesized that greenspace offers health benefits through three
prominent pathways: (1) reducing stress and restoring attention, (2) increasing physical activity
and social cohesion, and (3) mitigating exposure to environmental hazards such as heat, noise,

and air pollution [19-21]. However, the extent to which these proposed pathways apply to
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suicide-related outcomes remains unclear, especially because pathways may depend on the health
outcome in question [83]. For instance, both the stress reduction [84] and attention restoration
[85] theories posit that greenspace exposure helps individuals cope with stressful life events and
emotional pain, which, in turn, reduces stress [20], and thus the likelihood of developing suicidal
behaviors. Alternatively, there may be a link between distal risk factors (e.g., greenspace
exposure) and proximal risk factors (e.g., mental health), emphasizing the importance of
addressing both environmental factors (e.g., urban planning) and psychosocial components
associated with suicide [72]. In practice, both proximal and distal pathways may pay a role,
depending on individual and contextual factors. Future studies should explore which pathways
are more dominant in the relationship between greenspace exposure and suicide-related
outcomes.
Limitations and Future Research Directions

Several limitations need to be considered when interpreting the findings of the current
review. First, the heterogeneity in greenspace definitions and indicators used across studies
precluded meta-analysis or the aggregation of data at various levels (i.e., area versus individual
levels). Given the increasing number of studies in this field, more standardized procedures are
needed to support meta-analytic methods in relation to greenspace exposure and mental health
studies [83, 86]. All of the included observational studies relied on greenspace assessment
measures calculated for geographic areas which introduces the modifiable areal unit problem
(MAUP) [87]. The MAUP is where the choice of the size of geographical area under study
and/or the boundary chosen to represent a given area, can alter associations between greenspace
exposure and outcomes [88, 89]. Aggregating data at the area-level introduces the ecological

fallacy bias, in which patterns observed at the area-level may not reflect associations at the
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individual-level [90]. Additionally, many of the included studies characterized the greenspace
exposure metric across diverse buffers ranging in size (i.e., 100 m to 1000 m) and it is important
for future research to clarify which surrounding buffer sizes would be most appropriate to study
and how these buffer sizes translate to possible mechanisms and pathways.

Second, all but one of the included studies were drawn solely from high income regions
including Europe, North America, and Asia. Asri et al. [58] completed a global analysis including
high-, middle-, and low-income regions and found that country level of greenness significantly
decreased the suicide mortality rate in low-income regions. However, low- and middle-income
regions remain largely underrepresented in the literature and the development of greenspace
remains a challenge in these regions [91]. Future studies should also explore other geographic
landscapes which may be more salient in low- and middle-income regions, such as blue spaces
[92] and arid climates [93].

Third, only one of the studies in the review evaluated the role of rural greenspace (as
opposed to urban greenspace) and found that rural greenspace was protective of suicide mortality
in males but not in females [57]. Future studies are needed to elucidate the associations between
rural greenspace exposure and suicide-related outcomes given that discrepancies exist between
urban and rural areas, such as socioeconomic disparities, inequitable access to health care
services [94, 95], differences in population density, and exposure to air pollutants [96, 97]; all of
which are important determinants of mental health and suicide [98].

Fourth, most of the evidence included in this review was derived from observational
studies, and therefore, we cannot rule out unmeasured confounding factors that may be driving
the observed associations. Only one randomized cross-over trial was found in this review [53],

and it was difficult to determine the extent to which mountain hiking was beneficial in reducing
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suicidal ideation, given that suicidal ideation scores also improved during the control phase (i.e.,
psychotherapy and pharmacological treatment). Robust randomized controlled studies are still
needed to clarify the causal effect between greenspace exposure and suicide-related outcomes.
We encourage future studies to explore the relationship between greenspace interventions and
severe mental illness, as greenspace-based interventions present an opportunity to promote
mental health [99].

Fifth, only one of the included studies evaluated the associations between greenspace
exposure and suicidal ideation and self-harm in youth. There is a growing body of evidence that
highlights the protective role of greenspace exposure on youth’s mental health [7, 14]. Future
studies are needed to clarify whether greenspace exposure protects against suicide-related
outcomes in young people, particularly given recent trends in emergency department visits for

suicidal ideation and suicide attempts in this population [100].

Conclusion

In this systematic review, over two-thirds of the included studies were published within
the past 5 years, indicating a rapidly growing interest in the field of greenspace exposure and
mental health. The accumulated evidence suggests that greenspace exposure may have a
protective role across the entire spectrum of suicide outcomes, including suicide mortality, self-
harm, and suicidal ideation, with larger putative benefits observed among females. However,
evidence remains weak, given the high heterogeneity in study designs and methodologies used.
Further studies are therefore necessary. In particular, experimental designs are needed to
determine whether greenspace interventions as a complement to traditional treatment options,
such as psychotherapy and pharmacotherapy, may be effective in mitigating the risk of non-fatal

suicidal behaviors. Already, a growing body of literature supports the effectiveness of greenspace
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prescriptions to improve outcomes for physical health and serious mental illness [74].
Recognizing the significance of greenspace exposure in suicide prevention can contribute to the
development of policies that promote access to and utilization of greenspace and thus improve

mental health outcomes for whole populations.
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Figure 1. Flow diagram for study selection
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Table 1. Characteristics of included studies: greenspace and suicide mortality (n=14)

First Study
author, population Greenspace Greenspace exposure
year Study design  Sample size and setting definition metric Covariates Fully adjusted results
Level of greenness
Asrietal., Ecological 183 countries  Adults aged Level of NDVI data provided by the Population density, age, Increasing levels of
(2022) 15+ years greenness at National Aeronautics and sex, burden of depressive  greenness was associated
worldwide; country level Space Administration with  disorders, healthcare with lower suicide mortality
49.9% 1x1 km? spatial resolution  expenditure, (RR=0.69,
female were used to estimate level unemployment rate, 95%CI[0.59,0.81])
of greenness in each divorce rate, economic
country. Monthly status,
greenness estimates were educational attainment,
calculated to capture the urbanization, smoking
annual average values of prevalence, alcohol
greenness at the country consumption, population
level (i.e., based off of without religion,
images for the months of temperature, PM2.5, and
January, April, July, spatial-temporal
October) autocorrelation
Hagedoorn  Cohort 8,741,021 Adults aged  Neighborhood Annual mean NDVI using  Age, sex, nationality, Results for total sample are
etal., Longitudinal  adults 15-64 years greenspace 30 m resolution per marital status, household  not reported, but stratified
(2022) in the neighborhood was type, socioeconomic by sex. Neighbourhood
Netherlands; retrieved from Landsat 5, status, antidepressant greenspace was associated
50% female; Landsat 7, and Landsat 8 prescriptions, moving with elevated suicide

81.4% Dutch

(obtained via Google Earth
Engine)

status, moving frequency

mortality in females, but no
association was found in
males. See Supplement
Table S7
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Helbichet  Cohort 105,398

al., (2020) Longitudinal  adults

Jiang et Ecological 151 public

al., (2021) housing
communities

Mendoza Cohort 3,549,514

etal., Longitudinal  adults

(2022)

Quantity of greenspace

Adults aged
15-64 years
in
Netherlands;
30.9%
female

Adults with a
mean age of
47(7.5) years
in Hong
Kong;
0.52(0.018)
female

Adults with a
mean age of
46.9(17.8) in
Belgium;
51.90%
female

Green biomass
(i.e., residential

greenery)

Urban greenness
within public
housing
communities

Urban
residential
greenness

Annual mean NDVI using
30 m by 30 m resolution at
buffers of 300 m, 600 m,
and 1000 m centered on
current and past home
addresses

Amount of urban greenery
was assessed at buffers of
100 m, 200 m, 400 m, and
800 m around each
housing community and its
surrounding neighborhood
using NDVI and Google
Street View (GSV)
images. GSV images
calculate the ratio of
greenery pixels to total
pixels in a GSV image

NDVI data were obtained
from Landstat-5 satellite
images with a 30 m
resolution and linked with
residential addresses from
Census data. Mean NDVI
was assessed at buffers of
300 m and 1000 m within
the residential addresses

Age, gender, nationality,
employment status,
household income,
marital status, urbanicity,
air pollution, social
fragmentation

Median age, percentage
of residents of different
marital status, percentage
of residents in different
age groups, percentage of
residents with different
education levels,
household income,
employment rates

Sex, age, living
arrangement, individual
socio-economic position,
neighbourhood socio-
economic position,
migrant background

Inter-quartile increments of
NDVI in 300 m, 600 m, or
1000 m buffers did not
lower the odds of suicide
mortality for the total
sample in the highest
quartile of greenspace OR=
1.04, 95%CI [0.95-1.13];
OR=1.03, 95%CI [0.94-
1.13]; OR= 1.00, 95%CI
[0.92-1.11], respectively

Urban greenery at 100 m
(B=0.014, SE=0.103, p=
0.894, p<0.01), 200 m (B=
0.003, SE=0.108, p=0.981),
400 m (f=0.119, SE=1.14,
p=0.297), and 800 m (f=
0.152, SE=0.105, p=0.151)
buffers around housing
communities was not
associated with suicide
mortality

At buffers of 300 m and
1000 m, residential
greenness was associated
with lower suicide
mortality: HR=0.93,
95%CI[0.89,0.97];
HR=0.94, 95%CI[0.90-
0.98], respectively
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Bixby et
al., (2015)

Helbich et
al., (2018)

Jiang,
Stickley &
Ueda,
(2021)

Ecological

Ecological

Ecological

5222 adults

16,105 adults

1741
municipalities

Adults aged
15-64 years
in England;
36.8%
female

General
population in
the
Netherlands

886,440
suicide
deaths in
general
population in
Japan
between
1975-2014

Urban
greenspace
including
woodland,
agricultural
land, grassland
and other
natural
vegetated land

Municipality
surrounding
greenspace
defined as
agricultural and
natural areas,
and man-made

greenery (e.g.,
parks)

Municipality
surrounding
greenspace
defined as: (1)
woodland (i.e.,
forest,
grasslands,
wildwoods) and
(2) parks in
urban and rural
settings

Proportion of urban area
covered by green land
using Land Cover Map
from remote sensing data
(20 m-30 m pixels,
minimum mappable area
of 5000 m?)

Proportion (%) of
greenspace per
municipality using
Geographical Information
System (GIS) mapping
with 25m x 25m spatial
resolution

(1) Woodland data was
abstracted as area size
within a municipality in a
given year using
Geographic Information
Systems (GIS). (2) Park
data was obtained using
Python GeoPandas
(version 0.8.0) wherein the
geographic point was used
to identify where each park
was located in a given
municipality. The
proportion of park area
size and density (i.e.,
number of parks per 1000
of the population) was

Age, income deprivation,
air pollution

Sex, urbanicity, marital
status, unemployment
rate, housing values,
availability of general
practitioners,
orthodox/protestant

Population density,
population in agriculture,
population in industry,
population in the service
sector, fiscal strength,
unemployment rate,
marital status, psychiatric
hospitalizations, fiscal
strength, number foreign
of residents

Results for total sample not
reported. Overall, urban
areas with more greenspace
were not associated with
suicide mortality for
females and males. See
Supplement Table S7

Municipalities with a large
(RR=0.88, 95%CI [0.78-
0.99] or moderate
(RR=0.92, 95%CI [0.85-
1.00]) proportion of
greenspace were associated
with lower suicide mortality
compared to municipalities
with less greenspace

Results for total sample not
reported. Overall,
greenspace was associated
with lower suicide mortality
but associations varied
based on sex, age,
greenspace type, and area
size. See Supplement Table
S7
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Kimetal.,, Ecological 56 cities
(2022)

Mitchell & Cohort 12,308 adults
Popham Cross-

(2008) sectional

Shen, Ecological 19 counties
Lung &

Cui,

(2022)

Structural features of greenspace

General
population
in Korea;
0.5(0.01)

Adults aged
16-45 years
in England

General
population
from Taiwan

Urban parks

Parks, other
open spaces,
and agricultural
land, but
excluding
domestic
gardens

Urban
greenspace (i.e.,
woodland areas,
forests and
parks)

evaluated in each
municipality

Per capita park area
(m?/person) was obtained
from statistical data
available on the open data
portal (stat.
molit.go.kr/portal) of the
Ministry of Land,
Infrastructure, and
Transport

Proportion of greenspace
(quintile) in lower level
super output areas

(LSOA), used to report
small area greenspace in
England. LSOAs have a
minimum population of
1000, a mean population of
1500, and an average
physical area of 4 km?

Green coverage (i.e., area
of greenspace) collected
and calculated from the
database of the Ministry of
the Interior and the
Directorate General of
Budget, Accounting,
Statistics

Female population ratio,
elderly ratio, per capita
gross regional domestic
product, basic living
recipient ratio, divorce
rate per thousand,
number of beds per
thousand

Age, sex, income
deprivation, deprivation
in education, skills and
training, deprivation in
living environment
(including air pollution),
population density,
urban/rural classification

N/A

With every increase in 1 m?
per person in park area, the
suicide mortality rate per
100,000 people decreased
by 0.46 (t=-2.57, p<0.05)

Increasing proportions of
greenspace was not
associated with suicide
mortality (e.g., areas with
most greenspace (5th
quintile); IRR=1.00, 95%CI
[0.92-1.09] compared to the
areas with the least
greenspace (1st quintile))

Increasing green coverage
was associated with lower
suicide mortality (coef.= -
0.21, 95%CI=[-0.28, 0.14]
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Shen & Ecological
Lung
(2018)

48
administrative
districts in
Metropolitan
region

General Urban
population greenspace
from Tapei,

Taiwan

Different landscape
metrics (i.e., greenery
structures) were evaluated
using data from the
National Land-Use Survey
of the National Land
Surveying and Mapping
Center. (1) Greenspace
fragmentation was
measured as the total
number of green patches
over a certain area. (2)
Mean green patch area was
measured as an aggregate
of the average area of each
green patch and its area-
weighted equivalent. (3)
Green patch distance was
measured as an aggregate
of the average area
between each green patch
and its area-weighted
equivalent

N/A

The total effect of green
structures on the suicide
mortality rate revealed that
higher greenspace
fragmentation (STEC= 0.13,
p<0.01) and longer green
patch distance (STEC=
0.35, p<0.001) increased the
suicide mortality rate, while
a larger green patch area
(STEC=-0.42, p<0.001)
would decrease the suicide
mortality rate
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Vazetal.,
(2020)

Ecological

Percentage tree canopy

El- Ecological
Mallakh et
al., (2022)

6457 adults

757,002

adults

Adults aged
15-65+ years
in Canada;
55% Female

General
population
from
Kentucky,
USA

Urban
greenspace

Urban tree cover

Different landscape
metrics pertaining to
grass/shrub calculated
using City Planning’s
Open Data Forest and
Land Cover (2007) with
land cover data set at a
pixel size of 0.6m: (1)
percent of landscape, (2)
patch density, (3) mean
patch area, (4) perimeter
area ratio, (5) clumpiness
of area, (6) percentage of
like adjacencies, and (7)
aggregation index were
evaluated

Percentage of tree canopy
per zip code using data
from the US Geological
Survey found online in the
National Land Cover
Database (NLCD) with
pixels at 30 m?

N/A

Annual income, ethnicity

An increase of the following
landscape metrics was
correlated with lower
suicide mortality:
grass/shrub percentage of
landscape (5=-0.20, p<
0.01), grass/shrub mean
patch area (= -0.26, p<
0.001), grass/shrub
clumpiness index (5= -0.20,
p<0.01) grass/shrub
percentage of like
adjacencies (f=-0.22, p<
0.01), and grass/shrub
aggregation index (f= -
0.22, p<0.01). An increase
in grass/shrub patch density
(B=0.23, p<0.001) and
grass/shrub perimeter area
ratio (8= 0.24, p< 0.001)
was correlated with more
suicide mortality

Increasing tree canopy was
associated with lower
suicide mortality;
rate=0.0091, SE=0.0026,
95%CI1[0.0039,0.0142]
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Vazetal, Ecological 6457 adults Adults aged Urban Different landscape N/A Increased tree canopy
(2020) 15-65+ years  greenspace metrics pertaining to tree landscape shape was
in Canada; canopy calculated using correlated with less suicide
55% Female City Planning’s Open Data mortality (f=-0.25,

Forest and Land Cover
(2007) with land cover
data set at a pixel size of
0.6m: (1) landscape shape
index (i.e., measure of
geometric complexity and
disaggregation) and (2)
perimeter area ratio (i.e.,
how patch perimeter
increases per unit increase
in patch area) were
evaluated

p<0.001). Increased
perimeter area ratio was
correlated with more suicide
mortality (8= 0.38, p<0.01)

Note: NDVI= Normalized Vegetation Index. N/A= Nota available. RR= Relative Risk. CI= Confidence Interval. OR= Odds Ratio. IRR= Incidence Rate Ratio. STEC=

Standardized Total Effect Coefficient. Coef.= coefficient. Mean age represented as mean (Standard Deviation)

*Population rate per 100,000 females expressed as mean (Standard Deviation)
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Table 2. Characteristics of included studies: greenspace and suicide self-harm (n=5)

First Study
author, population Greenspace Greenspace Exposure
year Study design Sample size and setting Definition Metric Covariates Fully adjusted results
Level of greenness
Srugo et  Cohort cross- 5535 youth Youth aged School Level of school Age, sex, self-reported Inter-quartile increments of
al., sectional 11-20 years greenness greenness assessed via socioeconomic status, mean or max NDVI in 500
(2019) in Canada; mean and max of the ethno-racial background, m and 1000 m buffers was
56.8% annual mean and season not associated with suicide
female; maximum NDVI using attempt
40.3% non- 30 m resolution within
white 500 m and 1000 m from
the centroid of the
school’s 6-digit postal
code
Quantity of greenspace
Min et Cohort cross- 196,894 Adults aged  Exposure to Area-level codes were Age, gender, marital Districts with less parks and
al., sectional suicide 20-60+ years  parks and matched based on the status, education, green areas per capita (1st
(2017) attempt in Korea; green areas per  number of parks and monthly income, job quartile) were associated
53.4% capita in cities ~ green areas in each categories, physical with higher odds of suicide
female and counties district and were divided activity, smoking, attempt (OR=1.27, 95%CI
into quartiles (1st alcohol consumption, [1.02-1.57]) in comparison
quartile= 14.90-22.40 history of disease, Gross  to districts with the most
m?/capita; 4th quartile=  Domestic Product per parks and greenspace per
33.1 m*/capita) capita capita (4th quartile)
Moran et  Ecological 103 prison Prisoners Vegetative land  Proportion of Age, gender, marital In prisons with a higher
al., establishments aged 18+ in cover within greenspace (%) within status, education, percentage of greenspace,
(2020) England and  prison prison establishments monthly income, job the incidence of self-harm
Wales establishments  using GIS mapping categories, physical was lower (f=-0.48,
(e.g., grass, activity, smoking, SE=0.17,p<0.01)

bushes, trees)

alcohol consumption,
history of disease, Gross
Domestic Product per
capita
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Polling Ecological 8327 hospital
etal., admissions
(2019)

Tree canopy cover

Lee et Ecological 275 census
al., block groups
(2023)

Urban
greenspace

Individuals
admitted
aged 15+ in
United
Kingdom;
60.6%
female;
44.8(16.0)
non-white
minority
rate?

Urban tree
cover

Adults aged
15-44 years
in Ohio,
USA;
0.51(0.01)°
females;
0.52(0.02)
non-white
minority
rate?

Percentage of
greenspace in lower
LSOA. Greenspace data
sourced from an
enhanced basemap
based on Department of
Communities and Local
Government data (no
further details reported)

Proportion of tree
canopy cover of each
Census block was
acquired from the Multi-
Resolution Land
Characteristics
Consortium as a
geospatial raster dataset
with 30 m resolution.
Additionally, residential
tree canopy coverage
was estimated using
citywide parcel
boundaries and land use
information.

Hospital of admission,
deprivation, social
fragmentation

Foreclosed properties,
vacancy rate, crime
density, population
density, area deprivation,
non-white minority
status, working age

Percentage of greenspace
(least versus most quartile)
was not associated with self-
harm admission rates (SRR=
0.99, Crl [0.91-1.08])

A one percentage point
increase in tree canopy
coverage at the Census
Block level significantly
decreases the suicide attempt
rate by 0.9% (coef=-0.901,
SE=0.329, p<0.01). A one
percentage point increase in
tree canopy coverage at the
residential level was not
associated with the suicide
attempt rate (coef=-0.682,
SE=0.378, p>0.05)

Note: NDVI= Normalized Vegetation Index. CI= Confidence Interval. OR= Odds Ratio. SRR= Standardized Rate Ratio. Crl= 95% Credible Intervals. Coef.=
Coefficient. SE= Standard Error. N/A= Not applicable.

*Non-white minority rate per 100,000 individuals expressed as mean (Standard Deviation)

bPopulation rate per 100,000 females expressed as mean (Standard Deviation)
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Table 3. Characteristics of included studies: greenspace and suicide suicidal ideation (n=6)

First Study
author, Sample population and Greenspace
year Study design size setting definition Greenspace exposure metric Covariates Fully adjusted results
Level of greenness
Srugoet  Cohort 5521 Youth aged 11-  School Level of school greenness Age, sex, self-reported  Inter-quartile increments of
al., Cross- youth 20 years in greenness assessed via mean and max of the  socioeconomic status, mean or maximum NDVI in
(2019) sectional Canada; 56.8% annual mean and maximum ethno-racial 500 and 1000 m buffers was
female; 40.3% NDVI using 30 m resolution background, season not associated with suicidal
non-white within 500 m and 1000 m from ideation
the centroid of the school’s 6-
digit postal code
Quantity of greenspace
Min et Cohort 218,729  Adults aged 20-  Exposure to Area-level codes were matched Age, gender, marital Districts with less parks and
al., Cross- adults 60+ in Korea; parks and based on the number of parks and  status, education, green areas per capita (1st
(2017) sectional 53.4% female green areas green areas in each district and monthly income, job quartile) were associated
per capita in were divided into quartiles (1st categories, physical with higher odds of suicidal
cities and quartile= 14.90-22.40 m?/capita;  activity, smoking, ideation (OR=1.16, 95%CI
counties 4th quartile= 33.1 m?/capita) alcohol consumption,  [1.10-1.23]) in comparison to
history of disease, districts with the most parks
Gross Domestic and greenspace per capita
Product per capita (4th quartile)
Yao et Ecological 296 General City parkland  Proportion of parkland area (%) Population, gross Residents residing in cities
al., cities population in (reflects the in a city calculated as the area of =~ domestic product per ~ with the most greenspace
(2022) China presence of parkland to the total area of acity  capita, unemployment  (4th quartile) demonstrated

Frequency and duration

greenspace
for the whole

city)

(km?/km**100%). Data was
derived from the Statistical
Yearbook of Chinese Cities 2019

rate, number of
hospital beds, number
of doctors, average
annual temperature,
average annual
precipitation,
environment stress

lower suicidal ideation
(Coef.=-0.057, SE= 0.020,
p<0.01) in comparison to
those residing in cities with
the least greenspace (1st
quartile)
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Holman
etal.,
(2022)

Iwata et
al.,
(2016)

Sturm et
al.,
(2012)

Cross-
sectional

Pre-post
experimental

Randomized
controlled
cross-over

61 adults

15 adults

17 adults

Adults aged 19-
77 years (mean
age- 38.4(13.5))
in Toronto from
an inpatient
psychiatric unit;
50.8% female;
41% non-white

Clinical sample
of adults aged
32-72 years
(mean age= 47
years) in
Ireland; 80%
female

Clinical sample
of adults with
mean age
43.0(8.3) in
Austria; 70%
female

Parks,
gardens

Forest
settings

Mountain
hiking

Participants reported whether Age, gender
they had experienced decreased

time spent in greenspace,

categorized as yes or no

The program consisted of N/A

activities in a forest setting for
approximately 2 hours weekly,
for 13 weeks. This included
roughly 10 minutes of engaging
in gentle warm-up exercises, 1—
1.5 hours of forest walks,
followed by approximately 30
minutes of
refreshments/socializing in the
forest sites

9-week program with 2-3h long N/A
mountain hikes, 3 times per week

A perceived decrease in time
spent outdoors was not
associated with suicidal
ideation and/or self-harm
thoughts in patients who
experienced a psychiatric
hospitalization during the
COVID-19 pandemic
(OR=4.71; 95%CI [0.78-
28.34])

Results pictured in Figures 1
and 2 (of original
publication) suggest that
individuals who were
enrolled in the 13-week
forest walk program
exhibited decreased suicidal
ideation (assessed with both
HRS and BDI) scores from
pre-to post- program,
although no formal statistical
analyses are reported

During the cross-over phase
of the study, there was no
significant effect for suicidal
ideation (p=0.25, d=0.29).
Within the hiking phase of
the study, suicidal ideation
was significantly decreased
(p=0.005, d=-0.79)

Note: NDVI= Normalized Vegetation Index. CI= Confidence Interval. OR= Odds Ratio. SRR= Standardized Rate Ratio. Crl= 95% Credible Intervals. Coef.=
Coefficient. SE= Standard Error. N/A= Not applicable. d= Cohen's d. HDRS= Hamilton Depression Rating Scale. BDI= Beck Depression Inventory
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Table 4. Direction of association between greenspace exposure and suicide-related

outcomes (n=23)

Outcome Greenspace Adjusted Association
Suicide Mortality
Arsi et al., (2023) Level of greenness +
Bixby et al., (2015) Quantity 0
El-Mallakh et al., Percentage tree canopy +
(2022)
Hagedoorn et al., Level of greenness —and 0°
(2022)
Helbich et al., (2018) Quantity +
Helbich et al., (2020) Level of greenness 0
Jiang et al., (2021) Level of greenness 0
Jiang, Stickley & Quantity +
Ueda (2021)
Kim et al., (2022) Quantity +
Mendoza et al., Level of greenness +
(2022)
Mitchell & Popham Quantity 0
(2008)
Shen et al., (2022) Quantity +
Shen & Lung (2018) Structural features +
Vaz et al., (2020) Structural features & tree canopy cover +
Self-Harm
Lee et al., (2023) Tree canopy cover +
Min et al., (2017) Quantity +
Srugo et al., (2019) Level of greenness 0
Moran et al., (2021) Quantity +
Polling et al., (2019) Quantity 0
Suicidal ideation
Holman et al., (2022) Duration 0
Iwata et al., (2016) Frequency and duration +
Min et al., (2017) Quantity +
Srugo et al., (2019) Level of greenness 0
Sturm et al., (2012) Frequency and duration +
Yao et al., (2022) Quantity +

Note: The direction of the association is denoted by ‘+’ for a protective association when
there is at least one positive association across greenspace indicators, ‘0’ for no
association, ‘=’ for a harmful association when there is at least one negative association
across greenspace indicators.
*Results for total sample not reported. For females, increasing levels of greenspace were

associated with more suicide mortality, whereas for males, the level of greenspace was not

associated with suicide mortality. See Supplement Table S7.
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Table 5. Associations between greenspace and suicide mortality by sex (=10 of the included studies)

Level of greenness
Arsi et al., (2023)

Hagedoorn et al.,
(2022)

Helbich et al.,
(2020)

Mendoza et al.,
(2022)

Females

Increasing levels of greenness was associated
with lower suicide mortality
(RR=0.81, 95%CI[0.75-0.88])

Living in neighbourhoods with high levels of
greenspace or experiencing an increase in
levels of greenspace are associated with
higher suicide mortality rates (HR=1.14, 95%
CI=[1.04-1.24] and HR=1.17, 95% CI=[1.01-
1.34], respectively), compared to those having
stable low levels of greenspace

Inter-quartile increments of NDVI in 300,
600, or 1000 m buffers did not decrease the
odds of suicide mortality in the highest
quartile of greenspace OR= 1.08, 95%CI
[0.92-1.26]; OR=1.04, 95%CI [0.88-1.23];
OR=0.97, 95%CI [0.82-1.16], respectively

At buffers of 300m and 1000m, residential
greenness was associated with lower suicide
mortality: HR=0.81, 95%CI[0.75,0.87];
HR=0.78, 95%CI[0.73,0.85], respectively

Quantity of greenspace

Bixby et al.,
(2015)

No association observed between the greenest
versus least green urban areas and suicide
mortality (RR= 1.10, 95%CI [0.77-1.57])

Males

Increasing levels of greenness was associated with lower
suicide mortality (RR=0.57, 95%CI[0.44,0.76])

Living in neighbourhoods with high levels of greenspace
(HR= 1.06, 95%CI= [1.00-1.13]), experiencing an
increase in levels of greenspace (HR=1.06,
95%CI=[0.96-1.17]), or experiencing a decrease in levels
of greenspace (HR=1.04, 95%CI=[0.95-1.15]) was not
associated with suicide mortality, compared to those
having stable low levels of greenspace

Inter-quartile increments of NDVI in 300, 600, or 1000 m
buffers did not decrease the odds of suicide mortality in
the highest quartile of greenspace OR=1.02, 95%CI
[0.92-1.14]; OR=1.02, 95%CI [0.92-1.15]; OR=1.02,
95%CI [0.91-1.15], respectively

At buffers of 300m and 1000m, residential greenness was
not associated with lower suicide mortality: HR=0.99,
95%CI[0.94,1.04]; HR=1.01, 95%CI[0.96,1.06],
respectively

No association observed between the greenest versus
least green urban areas and suicide mortality (RR= 1.02,
95%CI [0.85-1.23])
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Jiang, Stickley &
Ueda, (2022)

Kim et al., (2022)

Shen, Lung & Cui,
(2022)

In large cities, park density (but not park
coverage nor woodland coverage) was
associated with lower suicide mortality for
females aged 18-39 years (coef.= -0.62, SD=
0.18. p<0.001); 40-64 years (coef.= -0.39,
SD=0.20, p< 0.05) and 65+ years (coef.= -
1.24, SD=0.19, p< 0.001). In small/medium
cities, park coverage was associated with
lower suicide mortality in females aged 40-64
years (coef.= -4.19, SD=1.95, p<0.05) and
65+ years (coef.=-5.08, SD=1.37, p<0.001)

With every increase in 1 m2 per person in
park area, the suicide mortality rate per
100,000 people decreased by -0.73 (t=-3.79,
<0.001)

Increasing green coverage was associated
with lower suicide mortality (coef.= -0.20,
95%CI=[-0.27, 0.13]

Structural Features of greenspace

Shen & Lung
(2018)

Vaz et al., (2020)

Higher greenspace fragmentation (STEC=
0.14, p<0.01) and longer green patch distance
(STEC= 0.42, p<0.001) increased the suicide
mortality rate, while a larger green patch area
(STEC=-0.21, <0.001) would decrease the
suicide mortality rate

An increase of the following landscape
metrics was correlated with less suicide
mortality: grass/shrub percentage of landscape
(6=-0.27, p< 0.001), grass/shrub mean patch
area (= -0.28, p< 0.01), grass/shrub
clumpiness index (8= -0.24, p< 0.001)
grass/shrub percentage of like adjacencies (5=
-0.27, p<0.001), and grass/shrub aggregation
index (f=-0.27, p< 0.001). An increase in
grass/shrub patch density (= 0.22, p< 0.01)
and grass/shrub perimeter area ratio (5= 0.27,

In large cities, park density (but not park coverage nor
woodland coverage) was associated with lower suicide
mortality for men aged 18-39 years (coef.=-0.51, SD=
0.18. p<0.01) and 65+ years (coef.=-0.64, SD=0.22, p<
0.01). In small/medium cities, park density was
associated with lower suicide mortality in men aged 65+
years (coef.= -0.07, SD=0.03, p<0.05). In rural areas,
woodland coverage was associated with lower suicide
mortality in men aged 40-64 years (coef.=-3.32,
SD=1.35, p<0.05) and 65+ years (coef.= -3.44, SD=1.73,
<0.05)

No association between park area and the suicide
mortality rate per 100,000 people (rate=-0.17, t=-0.65,
p>0.05)

Increasing green coverage was associated with lower
suicide mortality (coef.= -0.20, 95%CI=[-0.29, 0.13]

Higher greenspace fragmentation (STEC= 0.76, p<0.001)
increased the suicide mortality rate

An increase in grass/shrub patch density (5= 0.14, p<
0.05) was correlated with more suicide mortality. All
other grass/shrub measures were not statistically
significant with male suicide mortality
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p<0.001) was correlated with more suicide

mortality

Percentage of tree canopy

Vaz et al., (2020) Increased tree canopy landscape shape was Increased tree canopy landscape shape was correlated
correlated with less suicide mortality (5= - with less suicide mortality (f=-0.29, p < 0.05). Increased
0.21, p <0.01). Increased perimeter area ratio  perimeter area ratio was correlated with more suicide
was correlated with more suicide mortality mortality (= 0.29, p <0.001)

(B=0.33, p< 0.001)

Note: RR= Relative Risk. CI= Confidence Interval. OR= Odds Ratio. HR= Hazard Ratio. STEC= Standardized Total Effect
Coefficient. RR= Relative Risk Ratio. Coef.= Coefficient
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Table Al. Pysclnfo (Ovid, 1806-Present) search strategy executed on January 6, 2023

1. *Suicide/ 35. greenway*.mp.

2. exp Self-Injurious Behavior/ 36. green belt*.mp.

3. exp Self-Mutilation/ 37. green corridor*.mp.

4. exp Suicidal Ideation/ 38. park.ti,ab.

5. exp Attempted Suicide/ 39. parks.ti,ab.

6. *Self-Destructive Behavior/ 40. natur* space*.mp.

7. exp Suicidality/ 41. naturalness.mp.

8. self injur*.ti,ab. 42. garden*.mp.

9. self mutilat*.ti,ab. 43. exp Horticulture Therapy/

10. auto mutilat*.ti,ab. 44. exp Playgrounds/

11. para suicid*.ti,ab. 45. playground*.mp.

12. self poison*.ti,ab. 46. canopy.mp.

13. self injurious behavio*.ti,ab. 47. woodland*.mp.

14. suicid*.ti. 48. urban nature.mp.

15. self harm*.ti,ab. 49. school green*.mp.

16. self destruct*.ti,ab. 50. residential green*.mp.

17. suicid* mortalit*.ti,ab. 51. Normalized difference vegetation index.mp.

18. suicid* thought*.ti,ab. 52. ndvi.mp.

19.1or2or3ordor5or6or7orsor9 53.20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29

orl0or1lorl12or13or 14 or 15 or 16 or or 30 or 31 or 32 or 33 or 34 or 35 or 36 or 37 or 38 or 39 or

17 or 18 40 or 41 or 42 or 43 or 44 or 45 or 46 or 47 or 48 or 49 or
50 or 51 or 52

20. greenspace*.mp. 54.19 and 53 (2156)

21. green space® mp. 55 . built environment.mp. or Built
Environment/

22. greenness.mp. 56  “land use”.mp.

23. greenery.mp. 57  urban environment.mp.

24. tree cover*.mp. 58  urban space.mp.

25. *"Nature (Environment)"/ 59 53 or 54 or 55 or 56

26. natural environment*.mp. 60 19 and 59 (393)

27. nearby nature.mp.

28. nature.mp.

29. hiking.mp.

30. exp Camping/

31. camping.mp.

32. *Recreation Areas/

33. exp Wilderness Experience/

34. green area*.mp.
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Table A2. MEDLINE (Ovid, 1946-Present) search strategy executed on January 6, 2023

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

16

17

*Suicide/
*Self-Injurious Behavior/
exp Self Mutilation/
exp Suicidal Ideation/
exp Suicide, Attempted/
self injur*.ti,ab.
self mutilat*.ti,ab.
auto mutilat®.ti,ab.
para suicid*.ti,ab.
self poison*.ti,ab.
self injurious behavio*.ti,ab.
suicid*.ti.
self harm*.ti,ab.
self destruct*.ti,ab.

suicid* mortalit*.ti,ab.

suicid* thought* .ti,ab.

lor2or3ord4or5or6or7or8or9orl0orllorl2orl3

or 14 or 15 or 16 (75805)

18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

greenspace®.mp.

green space*.mp.
greenness.mp.
greenery.mp.

tree cover*.mp.
natural environment®.mp.
nearby nature.mp.
nature.mp.
hiking.mp.
Camping/
camping.mp.
Wilderness/

green area*.mp.
greenway*.mp.
green belt*.mp.
green corridor®.mp.

park.ti,ab.

35
36
37
38
39
40
41
42
43
44
45
46
47
48

49
50

parks.ti,ab.

natur® space*.mp.
naturalness.mp.
garden*®.mp.
*Horticulture/
Gardening/

Parks, Recreational/
playground*.mp.
canopy.mp.
woodland*.mp.

urban nature.mp.
school green*.mp.
residential green*.mp.
Normalized difference vegetation index.mp.

ndvi.mp.
18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or

29 or 30 or 31 or 32 or 33 or 34 or 35 or 36 or 37 or 38 or 39 or 40 or
41 or 42 or 43 or 44 or 45 or 46 or 47 or 48 or 49

51

52

17 and 50 (1817)

built environment.mp.

or Built Environment/

53

54
55
57
58

“land use”.mp.

urban environment.mp.
urban space.mp.

53 or 54 or 55 or 56

17 and 57 (29)
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Table A3.Web of Science search strategy executed on January 6, 2023

TS=(Suicide OR suicidal* OR “Self-Injurious Behavio*r” OR “Self Injurious Behavio*r” OR “Self-
Mutilat*” OR “self mutilat*” OR “self-injur®*” OR “self injur*” OR “Self-Destructive Behavio*r” OR “Self
Destructive Behavio*r” OR “auto mutilat*” OR “auto-mutilat*” OR “self poison*” OR “self-poison*” OR
“self harm™” OR “self-harm*” OR “self destruct*” OR “self-destruct*”)

AND

TS=(greenspace* OR “green space*” OR greenness OR greenery OR “tree cover*” OR “natural
environment®” OR hiking OR camping OR “wilderness experience*” OR “green area*”” OR greenway* OR
“green belt*” OR “green corridor*” OR “natur* space*” OR naturalness OR garden* OR horticulture OR
playground* OR canopy OR woodland* OR “school green*” OR “residential green*” OR “Normalized
difference vegetation index” OR ndvi OR nature)

OR
TI=(Park*)
OR
AB=(Park*)
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Table A4. Excluded studies after scanning the full texts

Reasons for exclusion Number
of studies

No greenspace measure (i.e., objective or subjective) [1-7] 7

Mix of indoor/outdoor greenspace with no outdoor greenspace estimate [8] 1

Measured mental well-being and not a suicide-related outcome [9] or measured 2

wrong outcome [10]

Student dissertation [11] and published study protocol [12] 2
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Table AS. Quality assessment ratings of the included studies using the Mixed Methods Appraisal Tool (MMAT)

3.2. Are 3.5. During
measurements the study
2.4. Are appropriate period, is
outcome regarding 3.4. Are the the
2.2.Arethe 2.3.Are assessors 2.5 Did the 3.1. Are the both the 3.3.Are confounders intervention
2.1.1s groups there blinded to participants participants outcome and there accounted  administered
randomization comparable complete the adhere to the representative  intervention  complete for in the (or exposure
First appropriately at outcome intervention assigned of the target (or outcome  designand  occurred) as
author performed? baseline? data? provided?  intervention?  population? exposure)? data? analysis? intended?
Asri et al., Yes Yes Yes Yes Yes
(2023)
Bixby et Yes Yes Yes Yes Yes
al., (2022)
El- Yes Yes Yes Yes Can't tell
Mallakh et
al., (2022)
Hagedoorn Yes Yes Yes Yes Yes
etal.,
(2022)
Helbich et Yes Yes Yes Yes No
al., (2018)
Helbich et Yes Yes Yes Yes Yes
al., (2020)
Holman et No No No Yes Can't tell
al., (2023)
Iwata et No No Yes No Yes
al., (2016)
Jiang et Yes Yes Yes Yes Yes
al., (2021)
Jiang, Yes Yes Yes Yes Yes
Stickley &
Ueda
(2021)
Kim et al., Yes Yes Yes Yes Yes
(2022)
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Leeetal.,
(2023)

Mendoza
etal.,
(2022)
Min et al.,
(2017)

Mitchell &
Popham.,
(2008)
Moran et
al., (2021)

Polling et
al., (2019)

Shen &
Lung
(2018)

Shen.
Lung &
Cui (2012)

Sturm et
al., (2012)

Srugo et
al., (2019)

Vaz et al.,
(2020)

Yao et al.,
(2022)

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Can’t tell

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Can't tell

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Can't tell

Yes

Yes

No

Can't tell

Yes
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Table A6. Suicide-related outcome measures in the included studies (#=23)

Suicide-Related Outcomes

Mortality  Self-Harm Ideation Assessment Method

Asri et al., Yes No No Registered deaths (ICD-10 codes X60-X84)

(2022)

Bixby etal., Yes No No Registered deaths (ICD-10 codes X60-X84)

(2015)

El-Mallakh Yes No No Medical examiner’s report between 2007-2017

et al., (2022) and expressed per population of home zip code

Hagedoorn et  Yes No No Registered deaths (ICD-10 codes X60-X84)

al., (2022)

Helbich et Yes No No Registered suicide deaths (ICD-10 codes X60.0—

al., (2018) X84.9)

Helbich et Yes No No Registered suicide deaths (ICD-10 codes X60.0—

al., (2020) X84.9)

Holman et No No Yes Suicidal ideation measured via following

al., (2023) question: "Since the official lockdown was
announced on March 14, 2020, have you had
thoughts you would be better off dead or of
hurting yourself in some way?"

Iwata et al., No No Yes Beck Depression Inventory and the Hamilton

(2016) Depression Rating Scale

Jiang et al., Yes No No Deaths recorded by the Coroner's Court of Hong

(2021) Kong between 2005-2017

Jiang, Yes No No Registered suicide deaths (ICD-8/9 or 10 codes

Stickley & (E950-E959, X60.0-X84.9, respectively)

Ueda (2021)

Kim et al., Yes No No Registered deaths with data obtained from the

(2022) Korean Statistical Information service (2003-

2018)
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Leeetal.,
(2023)

Mendoza et
al., (2022)

Min et al.,
(2017)

Mitchell &
Popham
(2008)
Moran et al.,
(2021)

Polling et al.,
(2019)

Shen et al.,
(2022)

Shen & Lung
(2018)

Sturm et al.,
(2012)
Srugo et al.,
(2019)

Vaz et al.,
(2020)

Yao et al.,
(2022)

No

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Suicide attempt records at the Census block group
level obtained from dispatch database of the
Emergency Medical Services Calls in Ohio

Registered deaths (ICD-10 codes X60-X84)

Past-year suicidal ideation and past-year suicide
attempt(s) (each coded as yes versus no)

Registered deaths due to intentional self-harm
(ICD-10 codes X60—X84)

Registered incidents of self-harm (e.g., burning,
cutting, hanging, poisoning) mandated by Her
Majesty's Prison and Probation Service
Registered admissions for self-harm defined as a
first episode of inpatient care in a general hospital
(ICD-10 codes X60—X84) between 2007-2016

Registered deaths (ICD-10 codes X60-X84)

Adjudicated death certificates for suicide
(definition of suicide based on ICD-10
classification)

Beck Scale for Suicide Ideation

Past-year suicidal ideation and past-year suicide
attempt(s) (each coded as yes versus no)

Emergency Medical Service data with recorded
suicides in 2002 and 2004

Suicidal ideation index constructed via Baidu
(most widely used search engine in China) based
on average search frequency for the word
“suicide”

Note: ICD-10= International Statistical Classification of Diseases and Related Health Problems 10th

Revision.
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Bridging Between Chapter 3 and Chapter 4

In Chapter 3, our systematic review revealed that there was an observed beneficial
association between greenspace exposure and suicide-related outcomes across the lifespan, with
stronger associations for females. Importantly, the results from this review further highlighted
that there is a need for research evaluating the associations between greenspace exposure and
suicide-related outcomes in youth populations. Additionally, this review established that there is
a paucity of knowledge regarding greenspace exposure and suicide-related outcomes in Canada.
In response to these noted limitations, the aim of Chapter 4 was to investigate the longitudinal
associations of greenspace exposure in a sample of Canadian youth from the province of Québec,
including a wide range of common internalizing (i.e., anxiety, depression, suicidal ideation) and
externalizing (i.e., inattention, hyperactivity/impulsivity, conduct problems) mental health
problem symptoms. Additional aims of this study were to evaluate effect modifications by family

socioeconomic status and sex.
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which describes the author’s right. In the QLSCD cohort, the participants only consented to share
their data to the study’s financial partners and affiliated researchers and their collaborators.
Those partners and researchers only have access after signing a data sharing agreement. Requests
to access these data can be directed to the Institut de la statistique du Québec’s Research Data

Access Services — Home (www.quebec.ca).
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Abstract

Purpose: There is a growing interest in assessing the benefits of exposure to urban greenspace
on mental health due to the increased urbanization of youth and concerns for their mental health.
We investigated the prospective associations of residential greenspace in childhood and mental
health in adolescence. Use of a well-characterized birth cohort permitted adjustment for a range
of potential confounding factors including family and neighbourhood characteristics in addition
to prior mental health problems, and exploration of moderation effects by sex and family
socioeconomic status.

Methods: We analysed longitudinal data collected from 742 urban-dwelling participants of the
Québec Longitudinal Study of Children Development. The Normalized Difference Vegetation
Index (NDVI) within 250, 500 and 1000m buffer zones surrounding the home residence was
used to indicate childhood exposure to greenspace. Six self-reported mental health problems at
15/17 years were examined using the Mental Health and Social Inadaptation questionnaire:
inattention, hyperactivity/impulsivity, conduct, depression, anxiety and suicidal ideation.
Results: Childhood urban greenspace was associated with lower inattention problems in both
females and males. We observed a 0.14 reduced standard deviation (SD) (B=-
0.14,SE=0.05,p<0.01) in relation to an interquartile range (IQR) increase of NDVI (0.15) at the
250m buffer zone, similar results were found in 500m and 1000m buffer zones. These
associations only slightly attenuated after adjustment for individual (sex, childhood mental
health), family (family SES, maternal age at birth, parental mental health, family composition),
and neighborhood (material and social deprivation) characteristics (f=-0.13,SE=0.06,p=0.03).
No association was found for other mental health problems, and no moderation associations of

sex or family socioeconomic status were observed.
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Conclusion: These findings suggest that increasing residential greenspace in cities may be
associated with modest benefits in attentional capacities in youth, necessitating further research
to elucidate the underlying mechanisms.

Abbreviations: Normalized Difference Vegetation Index (NDVI); Interquartile range (IQR);

Standard Deviation (SD); Attention-Deficit Hyperactivity Disorder (ADHD)
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Introduction

Approximately 1.2 million Canadian youth are affected by at least one mental health
problem [1] with the prevalence of depression and anxiety on the rise [2]. These alarming
numbers bring to light the importance of identifying modifiable protective factors that could aid
in alleviating mental health problems.

In recent years, the potential benefits of exposure to greenspace (i.e. natural or semi-
natural outdoor area completely or partially covered by vegetation, such as parks, forests, trees,
and woodlands [3]) for mental health have gained significant attention [4-6], especially for urban
dwellers who are more likely to benefit from greenspace (in comparison to those residing in rural
areas) as evidenced in a recent review [7]. The promotion of greenspace in urban landscapes may
hold the potential to improve health since greenspace offers opportunities to reduce exposure to
harmful exposures (e.g., air and noise pollution), restore attentional capacities, and encourage
physical activity [8].

Prospective population-based studies are imperative to assess the long-term associations
between greenspace and mental health, especially as they allow for the examination of
individuals exposed to settings differing in levels of surrounding greenspace (most commonly
measured using the Normalized Difference Vegetation Index; NDVI [9])

over long follow-up periods, and provide the ability to control for key confounding factors
assessed prior to the exposure (e.g., childhood and parental mental health problems).

While some longitudinal population-based studies have found that increased greenspace
exposure in childhood is associated with lower symptoms of depression [10, 11], anxiety [12],
attention-deficit hyperactivity disorder (ADHD) [12-14], and conduct problems [12] in

adolescence, other studies have not [15-17]. It is unclear whether or not the benefits of
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greenspace exposure on mental health affect all youth equally, and if some groups (such as
female vs. male, or socioeconomically advantaged vs. disadvantaged youth) benefit more than
others. With respect to sex, some studies indicate associations between increased greenspace
exposure and lower mental health problems among male but not female individuals [18],
whereas other studies report inversed patterns of findings [14], or no differences [12, 19].
Although the mechanisms by which sex modifies the associations between greenspace and
mental health remain unknown, previous systematic reviews have posited that physiological and
psychological responses to greenness may differ across female and male individuals [20, 21]. At
the same time, it has been suggested that individuals with mental health problems from
disadvantaged socioeconomic backgrounds disproportionately benefit from higher greenspace
exposure [22-25]; however, the few studies that investigated this question in youth have
produced inconsistent results [13, 14, 26-29]. Additionally, several studies report associations
between higher levels of residential greenspace and lower incidence of suicidal ideation and
suicide mortality among adults [30-32] however, evidence drawn from adolescent populations is
scarce [33].

Drawing from a representative sample of adolescents residing in urban regions of the
province of Québec (Canada), this study had two aims. First, we aimed to investigate the
associations of childhood residential greenspace with a range of mental health problems (i.e.,
inattention, hyperactivity/impulsivity, conduct problems, depression, anxiety, and suicidal
ideation) with adjustment for factors at the individual, family, and neighborhood levels. Second,
we examined whether these associations were moderated by sex and by disparities in levels of

family socioeconomic status (SES).
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Method

Participants

Participants were from the Québec Longitudinal Study of Child Development (QLSCD;
conducted by Institut de la Statistique du Québec, ISQ), a population-based birth cohort of 2120
children born in Québec, Canada, in 1997-1998 and followed up annually or biannually since
[34]. The Québec Master Birth Registry of the Minister of Health and Social Services was used
to create a stratified random sample based on living area and birth rates [35]. At its inception, the
QLSCD represented the Québec population of singleton births, including all ranges of
socioeconomic status (SES). More information regarding the QLSCD can be found on
https://www.iamillbe.stat.gouv.qc.ca/default_an.htm. The QLSCD protocol was approved by the
Institut de la statistique du Québec and the St-Justine Hospital Research Centre ethics
committees, and informed consent, assent, or both were obtained at each data collection.
Procedure

We used information on childhood residential greenspace at 10 years of age (2008) and
mental health outcomes reported by the adolescents via an online questionnaire at 15 and 17
years of age (2013/2015) [36-38]. We selected children who were residing in urban regions of
Québec (i.e., Montreal, Sherbrooke, Trois-Rivieres, Gatineau and Saguenay; population size
>100,000 habitants per region, except Montreal with >3 million habitants) in 2006/2008,
accounting for 65% of all children participating in the QLSCD.
Adolescent Mental Health Problems

Mental health symptoms in the past year were assessed using the Mental Health and
Social Inadaptation Assessment for Adolescents [39] (never=1; sometimes=2; often=3).
Adolescents self-reported externalizing problems, namely inattention, hyperactivity/impulsivity,

and conduct problems, and internalizing problems, namely depression, generalized anxiety, and
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serious suicidal ideation (“‘did you ever seriously think of attempting suicide?”; yes=1, no=0).
The six scales were z-standardized (Mean= 0, SD=1) and averaged across the two assessments to
obtain a summary score for each problem during adolescence (i.e., 15 and 17 years). The items
comprised in these scales, their internal consistencies, and their correlation matrix are presented
in Supplementary Tables S1 and S2.

Childhood Residential Greenspace

We retrieved the residential greenspace measure from the Canadian Urban Environment
Health Research Consortium which was characterized using the Normalized Difference
Vegetation Index (NDVI). NDVI quantifies vegetation by measuring the ratio between near-
infrared light, which vegetation reflects, and red light, which vegetation absorbs [40]. Values
from this index range between -1 to 1, with negative values representing water and/or cloud
covering and/or inorganic objects, values around zero representing sparse and brown vegetation,
and higher positive values representing dense and green vegetation. We used NDVI data from
2007 provided by the United States Geological Survey Landsat 8 satellite, with a spatial
resolution of 30m accessed via Google Earth Engine [41-44]. Given substantial snow covering
during the winter months in Québec, pixels with more than 20% cloud or snow were not
included in the NDVI calculation and all bodies of water were masked.

NDVI values were available for 2007 and 6-digit-postal code information for QLSCD
participants was available in 2006 and 2008. As such, we geocoded the NDVI values in 2007
with the children’s 6-digit postal codes in 2008 or 2006 for the 71 participants with missing
postal code information in 2008 (correlation between NDVI values from postal code information
in 2008 and 2006 was 0.89, p<0.001; Figure 1); resulting in a cross-sectional NDVI assessment.

The 6-digit postal code is the most precise unit in Canada that allows for the identification of
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where individuals reside [45]; in urban regions, this is equivalent to one side of a city block (e.g.,
single apartment building) [46]. In the current study, there was no clustering of participants
within 6-digit-postal codes (i.e., more than 98% of postal codes had a single participant allocated
to it). Greenspace data were abstracted to produce measures corresponding to circular buffers of
250m, 500m, and 1000m around the centroid of each child’s residential postal code. Our main
analysis relied on the 250m buffer, and we modelled the maximum annual mean value obtained
from across a series of pixels each having their own annual mean within this buffer. We also
conducted sensitivity analyses using similarly derived maximum annual mean values with 500m
and 1000m bufters.
Confounding factors

Confounding factors were selected based on their associations with mental health and/or
greenspace exposure (Supplement Table S3) and were measured at 8 and 10 years of age with
scores averaged across assessments (to maximize the total sample size), unless otherwise
indicated.
Individual characteristics

Child sex (male/female) was reported by parents. Childhood mental health problems were
reported by school teachers using the Social Behavior Questionnaire [47]: oppositional and
defiant behavior (4 items; eg, defiant or refused to comply), inattention and hyperactivity (9
items; eg, “could not sit still”’), and depressive and anxious symptoms (5 items, eg, fearful or
sad). The items were derived from the Canadian National Longitudinal Study of Children and
Youth [48], which incorporates items from the Child Behavior Checklist [49], with responses
rated on a 3-point scale.

Family Characteristics
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Maternal age at childbirth was recorded in years. Parental depressive symptoms in past
week was assessed at 5 months using 12 items from the short form of the Centre for
Epidemiological Study Depression Scale (12 items; eg, “I felt depressed”) [50]. Parental
antisocial behaviors during adolescence were assessed using 5 retrospective conduct items (eg,
having been in >1 fight that they started; having stolen >1 time) [51]. For all parental mental
health problems, a mean score was derived based on the availability of data from at least one
parent. SES was measured using a standardized aggregate index of five items relating to parents’
education level, occupational prestige, and gross annual household income [52]. The scale
ranged from -3 to 3, centered at 0, with higher scores indicating higher SES. Family composition
was categorized as intact (biological parents) or non-intact (single, separated, divorced, or
widowed).

Neighborhood Characteristics

Neighborhood socioeconomic disadvantage was estimated using material and social
deprivation indices based on census data [53], consistent with approaches used in previous
studies [54-57]. These deprivation indices are based on data aggregated at the dissemination area
level, which represents the smallest spatial unit available from census data in 2006 (in urban
areas this is equivalent to an average of 400-700 individuals residing in one or more neighboring
blocks of houses). They were constructed using a principal component analysis that integrated
six census variables into two components (material and social). The material deprivation index is
computed based on the proportion of individuals without a high-school diploma, their average
personal earnings, and the employment-population ratio at the dissemination area level. The
social deprivation index is computed from the proportions of individuals respectively living

alone, heading a single-parent family, and being separated, divorced or widowed. Both material
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and social deprivation indices were categorized into quintiles of equal population size, ranging
from the most privileged (1% quintile) to the most deprived (5™ quintile). We linked the children’s
6-digit postal code data with the corresponding dissemination area which allowed us to identify
participants’ socioeconomic characteristics based on their neighborhood area.
Statistical Analyses

Analyses were conducted using SPSS (version 27). First, we examined the sample
characteristics using means or frequencies. Second, we examined the association between
greenspace and mental health problems using linear regression for continuous outcomes and
logistic regression for suicidal ideation adjusting for identified individual, family and
neighborhood characteristics. Associations were expressed in relation to one interquartile range
(IQR) increase in the 250m buffer of childhood residential greenspace. The IQR for the
childhood residential greenspace metric (maximum of surrounding annual mean NDVI values
within a 250m buffer) was 0.15. Mental health problems outcomes were standardized (mean, 0;
SD, 1) so that the regression coefficient () represents the standard deviation (SD) increase in
symptoms associated with each IQR increase in greenspace. Third, to test whether sex and/or
SES moderated the associations between greenspace exposure and mental health problems,
interaction terms for these variables were examined separately in the fully adjusted models.

Statistical significance was set at p<.05 and all tests were two-tailed.

Results
Sample Characteristics

Of the 2120 participants recruited at baseline, 1526 children participated in data
collection in 2006 or 2008 and provided information on their postal code; of which 959 were

living in urban regions. Of these, 742 participants (77.3%) provided information pertaining to
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mental health problems (Figure 1). Key characteristics of the 742 participants are shown in
Table 1. Participants residing in urban areas but who were not included in the study sample (n=
235) were more likely to be male (131/235 [55.7%] for those excluded from analyses vs.
336/742 [45.2%] for those included in analyses, ¢>= 7.83, p=0.005); their mothers had more
depressive symptoms at birth (1.52 vs. 1.30 [on a scale from 0 to 10], to71= 2.23, p=0.026); and
their parents had lower socioeconomic status at 5 months (z-scores -0.22 vs. 0.07, to70=-3.95,

p<0.001; Supplement Table S4).

Associations of Childhood Greenspace with Mental Health Problems and Moderations by
Sex and Family SES

In the unadjusted model, an interquartile range increase in childhood greenspace exposure
(0.15; 250m buffer) was associated with 0.14 SD decrease in adolescent inattention (B=-
0.144,SE=0.055, p<0.01). This association persisted in the fully adjusted model with control for
individual, family, and neighborhood characteristics, wherein an interquartile range increase in
childhood greenspace exposure (0.15; 250m buffer) was associated with 0.13 SD decrease in
adolescent inattention (f=-0.126,SE=0.059, p=0.032; Figure 2A; Supplement Table S5). To
verify the robustness of the results, sensitivity analyses were conducted to examine the 1) extent
to which prescribed adolescent Ritalin use at 15/17 years of age may impact the association
between greenspace exposure and ADHD and 2) whether or not important variations in the
strength of association between greenspace exposure and mental health varies across different
distance buffers (500m and 1000m). First, additional adjustment for adolescent past-year use of
Ritalin (13.2% of sample) did not attenuate the association between childhood greenspace
exposure and inattention (f=-0.128,SE=0.060,p=0.032). Second, similar pattern of results were
observed across the three buffers for the association between greenspace exposure and

inattention (see Supplement Tables S6 and S7).
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No significant associations between childhood greenspace exposure and externalizing
(conduct;p=-0.021,SE=0.058,p=0.715, hyperactivity/impulsivity; =-0.044,SE=0.058,p=0.447,)
and internalizing (depression; f=0.021, SE=0.055,p=0.704, anxiety;p=-0.017,SE=0.056,p=0.761,
and suicidal ideation;Odds Ratio[OR]=1.25, 95%CI[0.83,1.89]); Figure 2B-F; Supplement
Table S5) mental health problems were observed in adolescence, for both sexes combined.

Overall, associations between greenspace exposure and mental health problems were not
moderated by child’s sex (ps>0.05), except for a significant greenspace-by-sex interaction for
conduct problems (f=-0.167,SE=0.075,p=0.025) at the 250m buffer, suggesting associations
between higher greenspace and lower conduct problems in female (f=-0.130,SE=0.076,
p=0.088) but not male (B =0.107,SE=0.082, p=0.193) participants. However, this greenspace-by-
sex interaction for conduct problems was not replicated at the 500m and 1000m buffers
(Supplement Tables S6 and S7). There were no significant interactions between childhood

greenspace exposure and SES for any mental health problems (ps>0.05).

Discussion

This study examined associations between childhood urban greenspace exposure and a
range of adolescent mental health problems in adolescence. After adjustment for characteristics
at the individual, family, and neighborhood levels, including prior childhood mental health
problems and socioeconomic characteristics, we found an association between greenspace
exposure and reduced inattention problems in both males and females. We found no evidence of
an association between greenspace exposure and adolescent hyperactivity/impulsivity, conduct,
depression, anxiety, and suicidal ideation problems, and sex and family SES did not consistently

moderate any of the associations.
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Greenspace and ADHD

Our findings showing associations between childhood greenspace and lower inattention
problems are in line with current knowledge summarized in systematic reviews [58, 59]
including a few longitudinal studies [13, 14, 60, 61]. Consistent with the findings from our study,
two longitudinal studies based on prospective cohorts from Germany and Denmark [14, 60]
showed that increasing levels of residential greenspace were associated with fewer symptoms of
ADHD throughout childhood and adolescence in both females and males. Moreover, in another
sample of 57,450 New Zealand youth followed from ages 2 to 18 years, those exposed to
increasing levels of neighborhood greenspace throughout their lives had a lower incidence of
being diagnosed with ADHD before 18 years of age [13]. Conversely, in a sample of youth from
England, increasing levels of residential greenspace was associated with lower levels of
inattention, although these associations were better explained by socioeconomic status [61].

To the best of our knowledge, our study was the first to examine the strength of
associations for the full spectrum of ADHD specific problems (inattention vs
hyperactivity/impulsivity) which builds on prior research by showing that childhood greenspace
exposure was associated with lower levels of inattention in females and males, but not
hyperactivity-impulsivity problems. There are brain mechanism differences demonstrated in
youth presenting with profiles of combined ADHD vs profiles of inattentive or hyperactive-
impulsive problems only [62]. In the present study, the potential restorative qualities of
greenspace exposure were observed for inattention problems across a variety of buffer zones
(250m, 500m, 1000m). These results are in line with one robust randomized control study which
demonstrated that youth diagnosed with ADHD (n=17) had better attention (assessed with the

Digit Span Backwards, a standardized measure of concentration) after walking in a park, in
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comparison to when they walked in an urban neighborhood, and the benefits of walking in a park
in improving attention was large (Cohen’s d= 0.77) [63]. These results echo those from a large
observational study of children (7-10 years of age) residing in Spain that illustrated how over a
12-month period, children residing in the greenest neighborhoods improved their attentional
capacities assessed via a computerized attentional task [29].

Greenspace and Other Mental Health Problems

Our study showed no significant associations between childhood greenspace exposure
and depression and anxiety in adolescence. These results are consistent with another longitudinal
study of American adolescents that indicated that childhood greenspace exposure was not
associated with self-reported symptoms of anxiety and depression in adolescence [64].
Conversely, other longitudinal studies have shown that increased childhood greenspace exposure
was associated with fewer symptoms of depression [65] and anxiety [12] in adolescence,
although these studies used other greenspace metrics than NDVI as was utilized in our study. It
has been illustrated that different greenspace metrics yield differing associations between
greenspace exposure and mental health outcomes [66, 67].

Our finding that childhood greenspace was not associated with suicidal ideation in
adolescence is in line with a previous study that evaluated associations between school
surrounding greenspace and suicidal ideation in youth [33]. However, other studies based on
adult populations [30, 31] have demonstrated that increased level of residential greenspace is
linked to decreased risk of suicide mortality. It may be that greenspace exposure affects suicidal
ideation and suicide mortality differently.

For conduct problems, our findings suggesting reduced symptoms among females (not

males) exposed to higher levels of greenspace at the 250m buffer should be interpretated with
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caution, as this result was not replicated within the 500m and 1000m buffer zones. Additionally,
longitudinal studies have yielded mixed results [16, 26, 28]. On the one hand, a study of 1287
American adolescents indicated that more residential greenspace was associated with fewer
aggressive symptoms in late adolescence [26]. On the other hand, a study of 715 Dutch
adolescents reported no significant associations between surrounding residential greenspace and
conduct problems when adolescents reached young adulthood [16]. In contrast to our findings
that higher levels of surrounding greenspace were associated with fewer conduct problems in
females, a study of 2909 Scottish children indicated that closer proximity to parks was associated
with fewer conduct symptoms in boys, but not girls [28]. However, this study measured
greenspace in terms of the proximity to parks, rather than the level of surrounding residential
greenspace, as measured in our study.
Socioeconomic Inequalities in the Distribution of Greenspace

In line with studies from other countries, our results revealed socioeconomic inequalities
in the distribution of greenspace, with children growing up in socioeconomically disadvantaged
families being more likely to live in areas with lower levels of greenspace. Nevertheless, we did
not find that greenspace was more beneficial for mental health problems of the most
socioeconomically disadvantaged youth, as shown elsewhere [13, 14, 27].
Potential Mechanisms

Greenspace exposure may protect youth’s mental health due to three major reasons. First,
increased greenspace can reduce stress (e.g., cortisol) and increase attention, self-control, and
problem-solving capacities, ultimately promoting the restoration of psychological well-being
[68]. The “Attention Restoration Theory” posits that natural green environments diminish mental

fatigue thus increasing attentional capacities [69]. Second, urban environments are notorious for
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emitting air and noise pollutants which can have adverse consequences for mental health [70,
71]. Increased greenspace in urban settings provides the potential to mitigate major pollutants, as
natural environments are not generally pollutant emission sites. Third, contact with greenspace
strengthens psychosocial adaptation by encouraging physical activity and social connection, both
of which are protective factors for mental health [72, 73].
Methodological Considerations

This study has several strengths, including its prospective design with greenspace
exposure assessed in childhood and a wide range of mental health outcomes in adolescence. The
use of a well-characterized cohort permitted the inclusion of several confounding factors at
differing levels, including adjustment for prior mental health problems assessed in childhood.
We also evaluated our associations between mental health and greenspace exposure across three
circular buffer zones (250m, 500m, 1000m). However, some limitations should also be
highlighted. First, although NDVI objectively quantifies the level of surrounding greenspace in a
given area, it does not capture the quality, access, and use of greenspace, which has been
previously associated with improved mental health in youth [74, 75]. Additionally, the present
study examined residential greenspace only, while other greenspace exposure contexts, such as
the school environment, may also impact mental health [33]. Second, surrounding greenspace
was estimated at one time point in childhood and did not allow for an evaluation of the
cumulative effects of greenspace exposure throughout childhood which may have
underestimated the total greenspace exposure for a given participant over time [76, 77]. Future
studies could examine the extent to which change in greenspace exposure overtime is associated
with change in mental health symptom severity. Third, mental health problems were self-

reported by adolescents which does not provide a clinical diagnosis for mental health problems,
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although the measure used [39] does cover the a large spectrum of mental health symptoms
based on DSM-5 criteria. Fourth, the presence of potential unmeasured confounding factors is a
limitation of this work, although we did adjust our analyses for individual, family, and
neighborhood characteristics, consistent with previous studies [61, 78] and extending prior
knowledge by adjusting for childhood mental health problems and parental depressive symptoms
and antisocial behaviors. Of note, ethnicity and racism have been shown to intersect with
environmental exposures and health [79], but there was insufficient data on these factors to
adequately adjust for them in the QLSCD. Fifth, while psychometric properties are acceptable,
the internal consistency for inattention problems (15 years a=0.66, 17 years a=0.68) was close
but below the conventional 0.70 threshold [80], suggesting that these results may need to be
interpreted cautiously. While the present study did not find differences in the associations by sex,
future studies could examine if sex/gender potentially modify associations between greenspace
exposure and mental health. Sixth, attrition occurred among potentially at-risk individuals, such
as those from lower SES backgrounds, children of mothers with more depressive symptoms at
birth, and male participants; which may have resulted in a selection bias and an underestimation

of associations for these individuals.
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Conclusion

Our longitudinal study revealed that higher levels of urban residential greenspace was
associated with lower levels of inattention problems in male and female youth from all
socioeconomic backgrounds. This finding along with other studies [14, 60] further highlights the
importance of promoting the development of urban greenspace infrastructures to protect youth
mental health. Although more studies are needed to elucidate the pathways by which greenspace
benefits attentional abilities in youth, results from this study underscore the importance of
promoting urban greenspace such as parks, gardens, street trees, or private backyards.
Nevertheless, urban planning decisions may also consider other aspects of greenspace such as

quality, quantity, and accessibility, which are also known to bring health benefits [74, 75].
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Tables & Figures
Figure 1. Flowchart of participants the QLSCD cohort used in the study.
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Note: Data were compiled from the final master file of the Québec Longitudinal Study of Child Development
(1998-2017), ©Gouvernement du Québec, Institut de la statistique du Québec. Geographical region
classification was calculated with Canadian census data in 2006 [81] based on all 6-digit postal codes in
Québec which were then matched to the 6-digit postal codes of participants in the QLCSD. Participants
residing in rural regions of Québec (i.e., regions with 10 000 to 100 000 residents) accounted for 35.0% of the
cohort and were excluded from this study. QLSCD= Québec Longitudinal Study of Child Development.
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Table 1. Key characteristics of 742 participants from the QLSCD surveyed at ages 15 to 17 years in 2013 or 2015 and
greenspace exposure at age 10 years in 2006 and 2008

Study Sample

Variables M(SD) N(%)

Adolescent mental health problems
Conduct problems 0.74(0.86)
Inattention 3.37(1.81)
Hyperactivity/Impulsivity 2.61(1.57)
Depression 3.62(2.01)
Anxiety 4.31(1.97)
Suicidal ideation
Yes 73(9.8)
No 669(90.2)
Childhood NDVI (250m) 3.24(0.66)
Individual-level
Female 406(54.7)
Male 336(45.3)
Childhood conduct problems 1.53(0.77)
Childhood ADHD 2.67(2.39)
Childhood depression/anxiety 2.12(1.96)
Adolescent Ritalin use®
Yes 95(13.2)
No 627(86.8)
Family-level
Maternal age 30.19(4.94)
Parental depression 1.18(0.91)
Parental antisociality
Parental socioeconomic status 0.20(0.96)
Family composition 0.41(0.54)
Intact 521(70.2)
Not intact 221(29.8)
Neighborhood-level
Material deprivation®
Most privileged 253(34.1)
Most deprived 74(10.0)
Social deprivation®
Most privileged 191(25.7)
Most deprived 108(14.6)

Note: Data are n(%) or mean (SD). NDVI= Normalized Difference Vegetation Index

Note: The Mental Health and Social Inadaptation Scale (C6té et al., 2017) was used to assess mental health problems,
however these measures did not provide clinical diagnoses, but rather assessed severity of symptoms.

*Data were compiled from the final master file of the Québec Longitudinal Study of Child Development (1998-2017),
©Gouvernement du Québec, Institut de la statistique du Québec.

"NDVI metrics, indexed to DMTI Spatial Inc. postal codes, were provided by CANUE (Canadian Urban Environmental
Health Research Consortium).

‘Maximum available data was N=722

dOnly data in the extreme categories are reported (1% quintile= most privileged; 5™ quintile= most deprived)
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Figure 2. Associations between residential greenspace exposure (250m) at age 10 years with adolescent mental health problems at either 15 to 17 years among

742 participants from the QLSCD*®
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Note: Analyses for inattention, impulsivity/hyperactivity, conduct, depression, anxiety, and suicidal ideation problems were conducted on the full sample as there was non-significant greenspace-by-sex
interactions (ps > 0.05). Across all mental health problems, there were no significant greenspace-by-SES interactions (ps>0.05).
Note: Individual characteristics included sex and childhood mental health problems. Family characteristics included maternal age, parental mental health, socioeconomic status, and family composition.
Neighborhood characteristics included material and social deprivation [53].
“Data were compiled from the final master file of the Québec Longitudinal Study of Child Development (1998-2017), ©Gouvernement du Québec, Institut de la statistique du Québec.
"NDVI metrics, indexed to DMTI Spatial Inc. postal codes were provided by CANUE (Canadian Urban Environmental Health Research Consortium).
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Table S1. Mental Health and Social Inadaptation Assessment for Adolescents item subscales

Mental Health Problems Items

Depression a. Nothing was fun for me, I wasn't interested in
15 (0 =0.83) and 17 (o = 0.88) years anything.

I felt sad and unhappy.

I lacked energy or felt tired.

I lost interest in things I usually like.

I felt I couldn't do anything well.

I felt I wasn't as good-looking or as smart as

other people.

Doing even little things made me feel really

tired.

h. Ihad trouble thinking clearly.

mopo o

a2

Anxiety a. I was too fearful or nervous.

15 (0. =0.80) and 17 (a = 0.80) years I had worries that interfered with my everyday
life.
I worried about my past behaviour.
I worried about my school work.
I worried about my own health.
I worried about my loved ones (family, friends).
I worried about my relationships with my friends
(i.e. making and keeping friends).
I was concerned about my appearance or weight.
I found it difficult to control the worry.

e

Conduct
15 (0 =0.83) and 17 (a = 0.93) years

I cheated in order to succeed at school.

I cheated in order to make some money.

I cheated in order to win a competition.

I told lies in order to get things or favours from
others.

I told lies in order to get out of doing things I
was supposed to do.

I stole money or objects from home.

I stole money or objects from school or from
stores.

I used a weapon in order to steal.

I entered a house, a building or a car without
permission in order to steal.

po ol @moe Ao

iy

e @@ o
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I broke down a door or a window in order to get
into a place and take something.

I stayed out at night much later than I was
allowed to.

I stayed out all night without my parents'
permission.

I ran away from home.

I skipped school without reason (cut class).

I deliberately started a fire.

I deliberately destroyed someone else's property.

Inattention
15 (0= 0.66) and 17 () years

®Io o BB

e

I was inattentive, I had difficulty paying
attention to what someone was saying or doing.
I completed all of my tasks or homework, I was
able to stay focused. (reverse coding)

I had trouble keeping my mind on what I was
doing for more than a few minutes.

I forgot what I was supposed to be doing or what
I had planned to do.

I avoided doing things where I needed to pay
attention for a long time.

I made a lot of mistakes because it was hard for
me to do things carefully.

Hyperactivity/Impulsivity
15 (=0.78) and 17 (o = 0.87) years

I felt very restless, I was constantly on the move.
I often stood up in class or in other situations
where I was supposed to remain seated.

I often had trouble staying calm during games or
leisure activities.

I moved my hands and feet, I wriggled in my
chair.

I was impulsive (reacted quickly without
thinking).

I said things before thinking them through.

I did or said things without stopping to think.

I had difficulty waiting for my turn in games or
group activities.

I often blurted out the answer to a question that
hadn't yet been completely asked.

I got into trouble because I did things without
thinking.
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Table S2. Correlation coefficients between mental health problems reported at 15 and 17 years among 742 participants from the
QLSCD*®

Mental health problems 15 Mental health problems 17 years
years

Inattention Hyperactivity/I Conduct Depression Anxiety Suicidal
mpulsivity Ideation
Inattention 0.52%* -
Hyperactivity/Impulsivity - 0.51%*
Conduct - - 0.54%* -
Depression - - - 0.59** -
Anxiety - - - - 0.61%*
Suicidal ideation® - - - - - 0.52%*

Note: All significant correlations are bolded. * p <0 .05. **p <0.01.

Note: Pearson coefficients (r) were calculated for continuous mental health problems variables (ADHD, conduct, depression, anxiety).

"Data were compiled from the final master file of the Québec Longitudinal Study of Child Development (1998-2017), ©Gouvernement du
Québec, Institut de la statistique du Québec.

bSpearman coefficient (r5) was calculated for categorical variable.
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Table S3. Correlation coefficients between residential greenspace exposure at age 10 years, mental health problems at 15 and 17 years, and potential
confounding factors among 742 participants from the QLSCD*"

Exposure and Mental Health Problems®

Confounding Factors Childhood NDVI Inattention HI}IIE S{f}:ﬂ;ﬁ;y/ Conduct Problems Depression Anxiety Suicidal ideation
Individual level
Childhood mental health problems®f
Oppositional and defiant behaviours 0.06 0.06 0.08* 0.12%* -0.02 -0.02 0.06
ADHD -0.05 0.17%* 0.14%* 0.11** -0.07 -0.12%* 0.04
Depressive and anxious symptoms 0.01 0.09* -0.00 -0.05 0.02 0.02 0.02
Adolescent Ritalin use 0.01 0.17** 0.06 0.05 0.02 -0.01 0.08*
Family level
Parental SES®¢ 0.17%* -0.07 -0.06 -0.05 0.00 -0.01 -0.05
Maternal age at childbirth® 0.05 -0.01 -0.06 -0.08* -0.04 0.01 -0.04
Parental mental health
Depression®" -0.13%* 0.05 0.07 0.08* 0.01 0.04 0.09*
Antisocial behaviours®! -0.02 0.08* 0.12%% 0.15%* 0.04 -0.00 J0.12%%
Family composition® 0.11%* -0.10%* -0.05 -0.09* -0.03 -0.05 -0.06
Neighborhood level
Material deprivation®* -0.28%* 0.05 0.03 0.07 0.00 0.03 -0.03
Social deprivation®! -0.26%* 0.06 0.04 -0.03 0.03 0.03 0.05

Note: All significant correlations are bolded. * p < 0.05. **p <0.01.

aData were compiled from the final master file of the Québec Longitudinal Study of Child Development (1998-2017), ©Gouvernement du Québec, Institut de la statistique du Québec.

®NDVI metrics, indexed to DMTI Spatial Inc. postal codes, were provided by CANUE (Canadian Urban Environmental Health Research Consortium).

°The Mental Health and Social Inadaptation Scale [1] was used to assess mental health problems, however these measures did not provide clinical diagnoses, but rather assessed severity of symptoms.
dPearson coefficients (r) were calculated for continuous confounding factors.

*Spearman coefficients (rs) were calculated for categorical confounding factors.

fChildhood mental health problems reported by school teachers derived from the Canadian National Longitudinal Study [2] and based on items from the Child Behaviour Checklist [3]

€Parental SES measured as standardized index based on annual gross income, parental education level and occupational prestige [4].

"Maternal and paternal depressive symptoms at 5 months were measured using a short form of the Centre for Epidemiological Study Depression Scale (12 items; e.g. “I felt depressed”) [5]. Score range: 0-10.
Maternal and paternal antisocial behavior during adolescence was assessed based on DSM-IV criteria for conduct disorder and personality disorder [6]. Score range: 0-5.

JFamily composition categorized as intact and non-intact.

kMaterial deprivation represents the proportion of individuals without a high-school diploma, average personal income and the employment-population ratio [7]. Categorized into quintiles of equal population size,

ranging from the most privileged (1* quintile) to the most deprived (5™ quintile) [8].

'Social deprivation represents the proportion of individuals living alone, separated, divorced or widowed [7]. Categorized into quintiles of equal population size, ranging from the most privileged (1% quintile) to the

most deprived (5™ quintile) [8].
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Table S4. Comparisons of participants included and excluded from analysis based on key

variables?

Included (n=742) Excluded (n=235) p-value
Male, No.(%) 336(45.2) 131(55.7) 0.005
Maternal age at birth in years, mean (SD) 30.19(4.94) 30.27(5.42) 0.852
Maternal depression, mean (SD)P 1.30(1.23) 1.52(1.46) 0.026
Non-intact family (single or blended), No.(%) 122(16.4) 47(20.0) 0.192
Family socioeconomic status at birth® 0.07(0.96) -0.22(1.10) <0.001

Note: Variables were measured when the child was 5 months of age.

* Data were compiled from the final master file of the Québec Longitudinal Study of Child Development
(1998-2017), ©Gouvernement du Québec, Institut de la statistique du Québec.
®Measured using a short form of the Centre for Epidemiological Study Depression Scale (12 items; e.g. “I felt

depressed”) [5]. Score range: 0-10.
¢ Z-scores reflecting a standardized index based on annual gross income, parental education level
and occupational prestige [4]
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Table S5. Associations of residential greenspace exposure (250m) at age 10 years with mental health problems at 15 and 17 years among
742 participants from the QLSCD **

Adjusted for individual Additionally adjusted for Additionally adjusted for
Unadjusted characteristics family characteristics neighborhood characteristics
B (£SE) p B (£SE) p B (£SE) P B (£SE) p
Inattention -0.144(=0.055)  0.009 -0.133(x0.054) 0.015 -0.120(x0.055) 0.031 -0.126(+0.059) 0.032
Hyperactivity/Impulsivity -0.073(+0.054)  0.180 -0.062(£0.054) 0.254 -0.048(+0.055) 0.388 -0.044(£0.058) 0.447
Conduct problems -0.054(+£0.055)  0.328 -0.052(x0.054) 0.340 -0.030(x0.055) 0.585 -0.021(x0.058) 0.715
Depression 0.025 (£0.054)  0.462 0.008 (£0.051) 0.872 0.008 (£0.052) 0.875 0.021 (£0.055) 0.704
Anxiety -0.015 (£0.055)  0.791 -0.041 (£0.051) 0.426 -0.029 (+0.052) 0.584 -0.017 (£0.056) 0.761
OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI)

Suicidal ideation® 1.20 (0.83, 1.73) 1.18 (0.81,1.72) 1.28 (0.87,1.89) 1.25(0.83,1.89)

Note: Individual characteristics included sex and childhood mental health problems. Family characteristics included maternal age, parental mental health,
socioeconomic status, and family composition. Neighborhood characteristics included material and social deprivation [7].

The Mental Health and Social Inadaptation Scale [1] was used to assess mental health problems, however these measures did not provide clinical
diagnoses, but rather assessed severity of symptoms.

There was no significant residential greenspace-by-sex interaction for inattention (p=0.093), hyperactivity/impulsivity (p=0.120), depression (p= 0.521),
anxiety (p= 0.400), and suicidal ideation (p= 0.981) therefore analyses were conducted on the total sample. Across all mental health problems, there were
no significant greenspace-by-SES interactions (ps>0.05).

?Data were compiled from the final master file of the Québec Longitudinal Study of Child Development (1998-2017), ©Gouvernement du Québec, Institut
de la statistique du Québec.

"NDVI metrics, indexed to DMTI Spatial Inc. postal codes were provided by CANUE (Canadian Urban Environmental Health Research Consortium).
“Suicidal ideation categorized as no versus yes. OR= Odds Ratios. 95%CI= 95% Confidence Interval.
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Table S6. Associations of residential greenspace exposure (500m) at age 10 years with mental health problems at 15 and 17 years among
742 participants from the QLSCD **

Adjusted for individual Additionally adjusted for Additionally adjusted for
Unadjusted characteristics family characteristics neighborhood characteristics
B (£SE) p B (£SE) p B (£SE) P B (£SE) p
Inattention -0.166(0.053)  0.002 -0.151(£0.052) 0.004 -0.137(x0.053) 0.011 -0.146(+0.057) 0.010
Hyperactivity/Impulsivity -0.087(+0.053)  0.098 -0.075(x=0.052) 0.151 -0.064(£0.053) 0.225 -0.064(£0.056) 0.257
Conduct problems -0.051(+0.053)  0.332 -0.049(+0.053) 0.352 -0.032(+0.053) 0.551 -0.023(x0.056) 0.687
Depression -0.022 (£0.052)  0.674 -0.030(£0.049) 0.532 -0.031 (£0.050) 0.532 -0.024 (+£0.053) 0.654
Anxiety -0.078 (£0.054)  0.143 -0.096 (+0.050) 0.053 -0.086 (£0.051) 0.089 -0.082 (£0.54) 0.129
OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI)

Suicidal ideation® 1.11 (0.77, 1.58) 1.11 (0.77,1.60) 1.18 (0.81,1.73) 1.14 (0.76,1.71)

Note: Individual characteristics included sex and childhood mental health problems. Family characteristics included maternal age, parental mental health,
socioeconomic status, and family composition. Neighborhood characteristics included material and social deprivation [7].

The Mental Health and Social Inadaptation Scale [1] was used to assess mental health problems, however these measures did not provide clinical
diagnoses, but rather assessed severity of symptoms.

There was no significant residential greenspace-by-sex interaction for conduct (p=0.081), inattention (p=0.595), hyperactivity/impulsivity (p=0.992),
depression (p=0.801), anxiety (p=0.331), and suicidal ideation (p=0.550) therefore analyses were conducted on the total sample. Across all mental health
problems, there were no significant greenspace-by-SES interactions (ps>0.05).

?Data were compiled from the final master file of the Québec Longitudinal Study of Child Development (1998-2017), ©Gouvernement du Québec, Institut
de la statistique du Québec.

"NDVI metrics, indexed to DMTI Spatial Inc. postal codes were provided by CANUE (Canadian Urban Environmental Health Research Consortium).

“Suicidal ideation categorized as no versus yes. OR= Odds Ratios. 95%CI= 95% Confidence Interval.
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Table S7. Associations of residential greenspace exposure (1000m) at age 10 years with mental health problems at 15 and 17 years
among 742 participants from the QLSCD *°

Adjusted for individual Additionally adjusted for Additionally adjusted for
Unadjusted characteristics family characteristics neighborhood characteristics
B (£SE) p B (£SE) p B (£SE) P B (£SE) p
Inattention -0.152(+0.062) 0.014 -0.137(£0.061) 0.026 -0.119(0.062+) 0.057 -0.125(x0.066) 0.060
Hyperactivity/Impulsivity -0.091(=0.061)  0.136 -0.075(x=0.061) 0.220 -0.066(£0.062) 0.285 -0.065(0.066=x) 0.323
Conduct problems -0.037(x£0.062)  0.550 -0.029(+0.061) 0.637 -0.016(=0.062) 0.797 -0.002(x0.066) 0.980
Depression 0.017 (£0.061)  0.782 0.002 (£0.057) 0.971 0.002 (£0.058) 0.977 0.014 (£0.062) 0.816
Anxiety -0.045 (£0.062)  0.467 -0.073 (£0.058) 0.210 -0.061 (£0.059) 0.300 -0.051 (£0.063) 0.417
OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI)

Suicidal ideation® 1.09 (0.72, 1.66) 1.09 (0.71,1.67) 1.15(0.75,1.78) 1.10 (0.69,1.77)

Note: Individual characteristics included sex and childhood mental health problems. Family characteristics included maternal age, parental mental health,
socioeconomic status, and family composition. Neighborhood characteristics included material and social deprivation [7].

The Mental Health and Social Inadaptation Scale [1] was used to assess mental health problems, however these measures did not provide clinical
diagnoses, but rather assessed severity of symptoms.

There was no significant residential greenspace-by-sex interaction for conduct (p=0.078), inattention (p=0.092), hyperactivity/impulsivity (p=0.812),
depression (p= 0.906), anxiety (p= 0.818), and suicidal ideation (p= 0.558) therefore analyses were conducted on the total sample. Across all mental health
problems, there were no significant greenspace-by-SES interactions (ps>0.05).

?Data were compiled from the final master file of the Québec Longitudinal Study of Child Development (1998-2017), ©Gouvernement du Québec, Institut
de la statistique du Québec.

"NDVI metrics, indexed to DMTI Spatial Inc. postal codes were provided by CANUE (Canadian Urban Environmental Health Research Consortium).

“Suicidal ideation categorized as no versus yes. OR= Odds Ratios. 95%CI= 95% Confidence Interval.

154



GREENSPACE EXPOSURE AND MENTAL HEALTH

Supplement References

1. Coté, S.M., et al., Psychometric properties of the Mental Health and Social Inadaptation
Assessment for Adolescents (MIA) in a population-based sample. International Journal of
Methods in Psychiatric Research, 2017. 26(4): p. e1566.

2. Children, N.L.S.o0., Overview of Survey Instruments for 1994-95 Data Collection Cycle 1.
1995: Statistics Canada; Hull, Québec: Human Resources Development Canada.

3. Achenbach, T.M., C. Edelbrock, and C.T. Howell, Empirically based assessment of the
behavioral/emotional problems of 2-and 3-year-old children. Journal of abnormal child
psychology, 1987. 15(4): p. 629-650.

4. Willms, D. and M. Shields, 4 measure of socioeconomic status for the National
Longitudinal Study of Children. Vol. 9607. 1996, Fredericton, New Brunswick: Atlantic
Center for Policy Research in Education, University of New Brunswick and Statistics

5. Lewinsohn, P.M., et al., Center for Epidemiologic Studies Depression Scale (CES-D) as
a screening instrument for depression among community-residing older adults.
Psychology Aging, 1997. 12(2): p. 277.

6. Zoccolillo, M., Parents’ health and social adjustment: part II, social adjustment.
Longitudinal study of child development in Québec, 2000: p. 37-45.

7. Pampalon, R. and G. Raymond, 4 deprivation index for health and welfare planning in
Queébec. Chronic Diseases in Canada, 2000. 21(3): p. 104-113.

8. Pampalon, R., et al., An area-based material and social deprivation index for public
health in Québec and Canada. Canadian Journal of Public Health/Revue Canadienne de

Sante'e Publique, 2012: p. S17-S22.

155



GREENSPACE EXPOSURE AND MENTAL HEALTH

Chapter 5: Discussion

5.1 General Summary

The overarching aim of this dissertation was to document the associations between
greenspace exposure and internalizing and externalizing mental health problem symptoms and
suicide-related outcomes across the lifespan, while accounting for key confounding variables at
the individual, family, and neighborhood levels. Additionally, it was also intended to evaluate the
potential moderating roles of socioeconomic status and sex between these associations.

First, the results from our systematic review (Chapter 3) demonstrated that among the 23
included articles, exposure to greenspace was associated with lower suicide-related outcomes
(i.e., suicide mortality, self-harm, suicidal ideation), with 64% of associations showing a positive
association, particularly among females. However, 34% of the findings did not report beneficial
associations between greenspace exposure and suicide-related outcomes. Importantly, all of the
included studies evaluated the association between greenspace exposure and suicide-related
outcomes in urban environments, with only one study carrying out additional analyses in a rural
environment. The included articles were mostly observational research designs (n = 21/23
studies) with a focus of suicide mortality as the main outcome (n = 14/23 studies), followed by
suicidal ideation (n = 6/23 studies) and self-harm (n = 5/23 studies). Additionally, 87% of the
articles used an objective greenspace measure which was typically evaluated as the proportion of
greenspace within a given area and the level of surrounding greenness assessed via the NDVI
using satellite remote sensing data. Moreover, the included articles generally adequately adjusted
for confounding factors at the household (e.g., income, employment status) and area levels (e.g.,

deprivation indices), although individual level factors were seldomly considered.
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Second, the findings from our longitudinal study using data from the Québec
Longitudinal Study of Child Development (Chapter 4) highlighted that among 742 urban-
dwelling youth, increasing levels of residential greenspace (around a 250 m buffer zone) in
childhood at age 10 years was associated with fewer symptoms of inattention problems in
adolescents aged 15-17 years. Adjusting for key confounding variables at the individual (sex,
childhood mental health), family (family socioeconomic status, maternal age at birth, parental
mental health, family composition) and neighborhood (material and social deprivation) levels
only slightly attenuated this association, which remained significant. Sensitivity analyses
revealed a similar pattern of results in buffer zones of 500 m and 1000 m. Moreover, this study
evaluated these associations across a wide range of mental health problem symptoms including,
hyperactivity/impulsivity, depressive and anxiety symptoms, conduct problems, and suicidal
ideation. However, childhood residential greenspace exposure was not observed to be
significantly associated with these outcomes in adolescence. Additionally, effect moderation with
family socioeconomic status and sex were not significant, suggesting that the beneficial
associations of greenspace exposure were observable for female and male Québec youth across

all socioeconomic backgrounds.

5.2 Greenspace Exposure Metrics

It has been demonstrated that different greenspace exposure metrics yield different
results depending on the mental health outcome being evaluated (Jarvis et al., 2020; Larkin &
Hystad, 2019). This is important to consider as the overall literature varies greatly on the
greenspace exposure metric used in studies, which may have an influence on the observed
associations. With regards to this dissertation, the greenspace metrics used in Chapters 3 and 4

were objective measures. Specifically, the results from our systematic review illustrated that 91%
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of the included studies evaluated objective measures such as the level of greenness surrounding a
given area, the quantity of greenspace, percentage of green canopy, and structural features of
greenspace (i.e., landscape metrics). In our longitudinal study, we used the NDVI metric to serve
as a proxy for residential surrounding greenness.

Objective measures are most commonly used in the literature (Labib et al., 2020b),
especially the use of the NDVI given the ease in linking area units with the metric and
interpreting its results, as well as the applicability of this measure across disciplines (Pettorelli,
2013). In terms of the NDVI metric, most of the included studies in Chapter 3 evaluated
associations across several buffer zones, allowing for a comprehensive understanding regarding
the observed associations. Additionally, in Chapter 4, we evaluated associations across a diverse
range of buffer zones (i.e., 250 m, 500 m, 1000 m) to highlight the robustness of the results.
Buffer zones have been hypothesized to give insight regarding the potential individuals have to
come into contact with greenspace (e.g., <100 m represents vegetation close to the residence and
the possibility to offer stress relief and >100 m represents vegetation visible outside of the
residential area related to opportunities for social cohesion and physical activity) (Jarvis et al.,
2020; Markevych et al., 2017).

Moreover, objective measures offer an over-head perspective of greenspace, and do not
capture eye-level interactions with greenspace (Rosenberg, 2017; Wang et al., 2021). For
instance, objective measures do not capture specific qualities or perceptions of greenspace (i.e.,
subjective measures). In Chapter 3, only one of the included studies evaluated a subjective
measure of greenspace (i.e., perceived decrease in time spent in greenspace assessed via a
questionnaire) (Holman et al., 2023). Previous studies have illustrated that in addition to the use

of objective greenspace measures, subjective measures such as quality, perceived connection to
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greenspace, and perceived access to greenspace have been associated with improved mental
health symptoms (Collins et al., 2020; McCormick, 2017; Y. Zhang et al., 2020). Future studies
could therefore incorporate subjective measures of greenspace exposure to help get a more
comprehensive picture of eye-level experiences that could further inform the potential benefits of

greenspace exposure on mental health.

5.3 Confounding Factors

The body of research presented in this dissertation included predominantly observational
research designs. Consequently, it is important to highlight the role of confounding factors across
the individual, family, and area levels as such factors have the potential to influence the observed
associations. In Chapter 3, 91% of the included studies were observational research designs and
most of these studies adequately adjusted for various confounding factors at the household and
area levels, including socioeconomic status, employment status, population density, and
deprivation indices, to name a few. However, given that most studies were an ecological design
(i.e., data aggregated at the area level), confounding factors at the individual level were scarce,
and studies that did adjust for individual level variables included predominantly sex and age.
These findings regarding confounding factors echo those from elsewhere which highlighted that
the inclusion of individual level confounding factors remains a limitation in the body of literature
evaluating greenspace exposure and mental health (Roberts et al., 2019).

In Chapter 4, a series of confounding factors were included in the analyses ranging
across the individual, family, and neighborhood levels (in line with other research (Mavoa et al.,
2019; Reuben et al., 2019)), with the inclusion of childhood mental health problem symptoms
and parental mental health, which extends prior knowledge. Although not published in the final

manuscript, a directed acyclic graph (DAG) was completed to offer reviewers an objective
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justification for the inclusion of the confounding factors in the study (Appendix A). While the
DAG corroborated the included confounding factors at the individual, family, and neighborhood
levels, it was not possible to adjust for ethnicity as this variable was not available in the Québec
Longitudinal Study of Child Development (QLSCD) at the childhood timepoint evaluated.
Moreover, there has been recent interest in the role of genetic variables as factors to consider
when evaluating the associations between greenspace exposure and mental health (Roberts et al.,
2019). It has been hypothesized that genetic predispositions influence characteristics and
behaviors, which in turn affect involvement with natural environments (Belsky et al., 2019;
Engemann et al., 2020). In particular, it has been documented that there are two main advantages
of adjusting for genetic variables when evaluating selection effects including that (1) genotypes
cannot be caused by the natural environment (e.g., greenspace, neighborhood), ruling out reverse
causation and (2) genetics may provide novel information over and above what can be measured
by self-report health measures (Belsky et al., 2019). Indeed, the selection of variables potentially
influencing the associations between greenspace exposure and mental health are important for
researchers to consider, especially as factors across individual, family/household, and area levels

are at play simultaneously.

5.4 Pathways Linking Greenspace to Mental Health Across Chapters 3 and 4

Our findings that increasing levels of childhood levels of residential greenspace exposure
was associated with lower symptoms of inattention problems in adolescence (Chapter 4) is in
line with a growing body of evidence from systematic reviews (Fyfe-Johnson et al., 2021;
Sakhvidi et al., 2022; Tran et al., 2022) and several longitudinal studies (Donovan et al., 2019;
Markevych et al., 2018; Reuben et al., 2019; Thygesen et al., 2020). Although most of the

literature has examined the associations of greenspace exposure on cognitive development in
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youth populations, there is some evidence from population-based cohort studies that has
highlighted similar associations in adults (De Keijzer et al., 2018; Jimenez et al., 2022; Zijlema
et al., 2017). Collectively, these findings from across the lifespan illustrate the restorative
capacities of greenspace exposure, in line with the Attention Restoration Theory. This theory
suggests that interactions with greenspace can enhance directed attention abilities (Kaplan &
Kaplan, 1989; Kaplan, 1995), which is particularly important given rapid urbanization. Urban
environments require constant attention to filter through various stimuli which is taxing on
attention resources and contributes to overall feelings of fatigue (Berman et al., 2008). Exposure
to greenspace in these environments may aid in reducing the strain of this deliberate and directed
attention which has been noted to be a by-product of fast-paced urban environments (Berman et
al., 2008).

Moreover, although the following analyses were not included in the publication of
Chapter 4, we examined whether physical activity mediated the associations between
greenspace exposure and mental health outcomes. The results were non-significant, suggesting
that physical activity did not mediate the association between inattention problems and
residential greenspace exposure in our sample. Our decision to have not included these analyses
was also due to the potential for measurement error of the physical activity items, wherein the
person most knowledgeable to the child reported on their structured (e.g., sports with a coach)
and unstructured (e.g., unorganized sports without an instructor) physical activity over the last 12
months (Guévremont et al., 2008; Pich¢ et al., 2019).

Although the mechanisms driving the associations between greenspace exposure and
suicide-related outcomes remain largely unknown and was not an aim of Chapter 3, there are

several hypotheses that can be considered. For instance, there has been evidence to suggest that
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in adult populations, perhaps the building capacity of greenspace to encourage physical activity
plays a role (Shen et al., 2022). Findings have demonstrated that this is likely given that
greenspace has the potential to promote physical activity and consequently good mental health,
thereby potentially lowering suicide mortality (Akpinar, 2016; Dadvand et al., 2016;
Nieuwenhuijsen et al., 2017). Additionally, a systematic review and meta-analysis revealed that
across 22 included studies, loneliness was a significant predictor of suicide-related outcomes.
(McClelland et al., 2020). In another systematic review (n = 22 studies), it was found that
greenspace exposure was inversely associated with loneliness in 66.6% of the observed
associations (Astell-Burt et al., 2022). It is plausible that perhaps loneliness plays a role in the
associations between greenspace exposure and suicide-related outcomes, although future work
would be required to test this pathway further.

Collectively, it is clear that the mechanisms driving associations between greenspace
exposure and mental health and suicide are complex, requiring further evaluation. To help bring
more cohesion to the field, Cardinali et al. (2023) developed a checklist of assessment decisions
that investigators could undertake based on the theoretical pathways between greenspace
exposure and mental health proposed by Markevych et al. (2017). The developed checklist
assists researchers in navigating from the initial research inquiry to defining greenspace
accurately, which is based on the primary theoretical pathway (Cardinali et al., 2023). Once this
is established, the following steps include determining suitable greenspace metrics while
incorporating essential contextual variables (Cardinali et al., 2023) (Appendix B). Although the
checklist was published after the publication of Chapters 3 and 4, it provides researchers with a

systematic step-by-step procedure to help select appropriate research questions that stem from
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best practice in the field of environmental health science, especially in terms of greenspace

exposure.

5.5 Environmental Injustice

Environmental injustices concerning greenspace exposure manifest through many
disparities, which have been highlighted in the findings obtained across Chapters 3 and 4.

In Chapter 4, although socioeconomic status did not moderate the observed associations,
we found that socioeconomically disadvantaged youth resided in neighborhoods with lower
levels of greenspace. The disparity in greenspace accessibility for socioeconomically deprived
individuals has implications for mental health. Studies have demonstrated that individuals living
in socioeconomically disadvantaged neighborhoods have limited access to greenspace compared
to their socioeconomically advantaged counterparts (Browning & Lee, 2017; Mitchell &
Popham, 2008; Wolch et al., 2014). Limited access to greenspace in socioeconomically deprived
areas exacerbates existing health inequities, as these communities often face higher levels of
environmental stressors, such as air and noise pollution, limited green infrastructure, and higher
crime rates (Hajat et al., 2021; Hipp & Wickes, 2017; Mathiarasan & Hiils, 2021). The absence
of greenspace deprives residents of opportunities for physical activity, social interaction, and
restoration, which are important for maintaining positive mental health. Furthermore,
greenspaces in socioeconomically advantaged neighborhoods are often better maintained, with
more amenities and recreational facilities, making them more attractive and conducive to leisure
activities (Cao et al., 2020; Jim & Shan, 2013; Vaughan et al., 2013). In contrast, greenspaces in
socioeconomically deprived areas may be neglected, poorly maintained, or perceived as unsafe,
discouraging residents from using them (Hoffimann et al., 2017; Jones et al., 2009). The lack of

greenspace access contributes to the perpetuation of socioeconomic disparities in mental health
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outcomes, as socioeconomically deprived individuals are more likely to experience mental health
problem symptoms, such as anxiety and depression associated with environmental deprivation
(Lorant et al., 2003; Marmot, 2013).

Furthermore, in Chapter 3, associations between greenspace exposure and suicide-
related outcomes were stronger for females, compared to males. The disparity in greenspace
exposure benefits favoring females over males may stem from various mechanisms, including
differences in access and safety concerns (Bolte et al., 2019; Sillman et al., 2022). Females tend
to use greenspace more frequently for recreational and leisure activities, such as walking,
jogging, or socializing, compared to males (Currie et al., 2016; Stafford et al., 2005). However,
access to greenspace may be hindered by factors such as proximity, transportation limitations, or
perceptions of safety, particularly in urban areas where greenspace may be less accessible or
perceived as less secure (Kavanagh et al., 2006; Richardson & Mitchell, 2010). Safety concerns
can significantly impact greenspace use, with females often expressing higher levels of
apprehension regarding safety in outdoor environments, especially during certain times of the
day or in poorly lit areas (Ceccato & Loukaitou-Sideris, 2022; Derose et al., 2018; Sonti et al.,
2020). Fear of harassment or violence may deter females from accessing greenspaces, limiting
opportunities for physical activity, attention restoration, and stress reduction associated with
greenspace exposure (Basu & Nagendra, 2021; Haase et al., 2017; Sreetheran & Van Den Bosch,
2014). Moreover, greenspaces may not necessarily be designed or managed with the specific
needs and preferences of females in mind. Lack of amenities such as well-lit paths, public
restrooms, or community programming can further hinder a female’s engagement with

greenspaces.
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While it was not possible to control for ethnicity in Chapter 4 as this variable was not
available at the childhood timepoint used in QLSCD database, the results from Chapter 3
further illustrated that ethnicity was not a variable extensively evaluated in the included studies
of the systematic review. The disparity in greenspace access for minority ethnicities contributes
to environmental injustices and exacerbates existing health disparities (Fernandez et al., 2021). It
has been documented that communities of color often face disproportionate barriers to accessing
high-quality greenspaces compared to white populations (Dai, 2011; Kephart, 2022; Roe et al.,
2016). These disparities may be rooted in historical and systemic factors such as residential
segregation, discriminatory urban planning policies, and unequal distribution of resources
(Apparicio et al., 2012; de Souza & Torres, 2021; Riley, 2018). In many urban areas in middle to
high income regions, greenspaces are predominantly located in affluent, majority white
neighborhoods, while minority neighborhoods are often characterized by limited greenspace
availability and poorer greenspace quality (Mizutani, 2018; Pastor et al., 2001). This lack of
access could potentially deprive minority communities of the physical and mental health benefits
associated with greenspace exposure, perpetuating health inequities. Furthermore, greenspaces in
minority neighborhoods may suffer from neglect, lack of maintenance, and safety concerns,
making them less attractive and under used by residents (Klompmaker et al., 2023; Rigolon,
2016). Discriminatory practices, such as over-policing or racial profiling in public areas, can also
contribute to feelings of exclusion and discomfort among minority individuals, further limiting
their engagement with greenspaces (Boehme et al., 2022; Fernandez et al., 2021; Pliimecke et al.,
2023). A recent narrative review (n =10 studies) identified that a lack of diversity-friendly
factors, such as multiple languages on signs and available prayer spaces in greenspaces may

further contribute to individuals from minority ethnic groups having hesitation to use
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greenspaces (Robinson et al., 2022). Moreover, most research on greenspace exposure and
mental health has been conducted in high-income countries, predominantly in urban settings (as
was observed in Chapter 3 and documented elsewhere (Marvier et al., 2023). This limits our
understanding of how greenspace exposure affects mental health in low-income countries and
marginalized populations. This gap in knowledge hinders efforts to address environmental
injustices and promote health equity on a global scale.

Moreover, it has been documented that the suicide mortality rate is higher for individuals
residing in rural regions (Casant & Helbich, 2022; Hirsch & Cukrowicz, 2014), which has been
recently corroborated in Québec (Levesque & Perron, 2024). This is particularly puzzling
considering that rural regions are marked by more greenspace in comparison to urban
environments (Browning et al., 2022). In Chapter 3, only one of the included studies evaluated
the associations between greenspace exposure and suicide mortality in rural regions, and found
that rural greenspace exposure was protective for males but not females (Jiang et al., 2021).
Future work is needed to clarify the role of rural greenspace and its association with suicide-
related outcomes, given differences in urban-rural environments which are documented
determinants of suicide (e.g., population density, exposure to air pollutants) (Casant & Helbich,
2022; Zhou et al., 2022).

Overall, addressing these disparities requires comprehensive strategies focusing on
equitable distribution of greenspace, urban planning policies, and community engagement
initiatives to ensure equal access and benefits for all individuals, regardless of socioeconomic

status, sex/gender, ethnicity, or urban-rural gradients.
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5.6 Strengths and Limitations

There are notable strengths of the published articles included in this dissertation,
including that this body of doctoral work was the first to synthesize the available evidence
documenting the associations between greenspace exposure and suicide-related outcomes
(Chapter 3). Additionally, the use of data from a well-characterized Canadian cohort which
allowed for (a) the evaluation of greenspace exposure in childhood and a wide range of mental
health outcomes in adolescence, (b) the inclusion of several confounding factors at the
individual, family, and neighborhood levels, and (c) the evaluation of these associations across
several buffer zones (250 m, 500 m, 1000 m) (Chapter 4). However, several limitations need to
be noted.

First, the greenspace metrics used across Chapters 3 and 4 were predominantly
objective, with only one study in Chapter 3 that adopted a subjective greenspace metric. While
objective measures provide an overhead perspective of greenspace, which can be beneficial
when studying whole populations, these measures do not capture eye-level perspectives of
greenspace such as quality and access, which provides context regarding individual experiences
in greenspace (Wang et al., 2021). Consequently, further research using subjective greenspace
exposure metrics are warranted.

Second, the doctoral research presented in Chapters 3 and 4 was predominantly
observational in nature. Therefore, the presence of potential unmeasured confounding factors
cannot be ruled out. Although confounding factors were carefully selected across the individual,
family, and neighborhood levels in Chapter 4, the results from Chapter 3 highlighted that there
are inconsistencies in confounding factor selection, especially in terms of greenspace exposure

and suicide-related outcomes. Future work on the associations between greenspace exposure and
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mental health outcomes should consider whether narrative descriptions of the confounder
selection process based on extensive literature review, or the use of a DAG would be most
appropriate in their research designs.

Third, while the doctoral research presented in Chapters 3 and 4 did not explicitly aim
to assess the mechanisms driving the associations between greenspace exposure and mental
health, it strongly advocates for future studies to delve deeper into these pathways. For instance,
the results obtained in Chapter 4 are in support of the restorative capacities of greenspace
exposure, particularly in parallel with the Attention Restoration Theory. Given the increasing
number of studies in the greenspace and health fields (J. Zhang et al., 2020), more standardized
procedures are needed to help researchers address research questions in a systematic way
(Cardinali et al., 2023).

Fourth, the results obtained from Chapter 3 highlighted that there is a dire need for
experimental studies that can evaluate the role of greenspace exposure in mitigating suicidal risk,
corroborating with a recent systematic review which highlighted that there were no sufficiently
powered or pre-registered experimental studies which evaluated the causal role of greenspace
exposure and well-being (Folk & Dunn, 2023). In our systematic review, the need for
experimental studies was especially true for youth populations, as none of the two included
experimental studies in the review evaluated the causal influence of greenspace exposure on
youth mental health. While a copious number of observational studies have highlighted the
associations between greenspace exposure and mental health (including suicide-related
outcomes), experimental designs, particularly randomized controlled trials, enable investigators
to manipulate greenspace exposure directly. Additionally, these research designs can minimize

the influence of confounding factors given the ability to control setting variables (thus enhancing
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the reliability of results) as well as holding the potential to explore theoretical pathways linking
greenspace to mental health via the manipulation of exposure levels and specific outcomes.

Fifth, further clarifications regarding the associations between greenspace exposure and
sex/gender are needed. In Chapter 3, it was found that in studies that stratified their analyses by
sex, females showed lowered suicidal risk with increased greenspace exposure. Alternatively, in
Chapter 4, the role of greenspace exposure in lowering symptoms of inattention was significant
for both female and male youth. Moreover, in Chapters 3 and 4, sex was treated as a binary
construct, in line with a systematic review that identified 62 articles which had also
dichotomized findings based on sex (Sillman et al., 2022). However, it would be imperative for
future work to explore the role of gender in influencing the associations between greenspace
exposure and mental health, especially as it has been proposed that perhaps different mechanisms
are involved when considering sex versus gender in these associations (Bolte et al., 2019;

Sillman et al., 2022).

5.7 Implications

Overall, the results obtained from this doctoral research supports growing evidence that
greenspace exposure can be a pillar of lifestyle health (Sundermann et al., 2023). However, there
is still much ground to cover within this field as there is insufficient findings regarding the role
of subjective greenspace metrics, including the quality and type of greenspace most beneficial, as
well as optimal duration times in green environments for improving mental health, corroborated
by a recent systematic review (Folk & Dunn, 2023). Nonetheless, the findings from Chapters 3
and 4 contribute to numerous initiatives across various domains (e.g., primary care, psychology,
education, urban planning) that encourage the use of greenspace as a complimentary strategy to

boost mental health and well-being.
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To illustrate, greenspace prescriptions consist of a new model of care which involves the
referral from a health professional (e.g., general practitioner, nurse) recommending a patient to
spend a fixed amount of time each week in a natural setting, such as a forest or park (James et
al., 2019). These initiatives have been implemented in Canada (Parks Canada, 2014), Québec
(Prescri-Nature, 2024) as well as in Europe (National Health Service England, 2024). A recent
meta-analysis found that greenspace prescriptions (i.e., a prescription given by a health care
professional to promote time spent in greenspaces) had a moderate to large effect on depression
and anxiety scores, in comparison to baseline scores prior to commencing the prescriptions
(Nguyen et al., 2023).

In parallel, leveraging the use of greenspace in traditional psychotherapy treatment could
be a novel avenue for psychologists. For instance, a randomized controlled trial conducted by our
own research team has highlighted that for outpatient adults with a refractory depression
diagnosis, a walk in a green park (in comparison to an urban walk) was associated with lower
levels of negative affect in comparison to baseline scores prior to the walk (Watkins-Martin et
al., 2021). These findings demonstrate that perhaps psychologists could integrate green walks in
traditional psychotherapy sessions, although further research would be warranted.

Additionally, the enthusiasm regarding the benefits of greenspace exposure and mental
health is also shared by the world of education, where a growing (but still limited) number of
teachers practice outdoor education with aims similar to those of green-based interventions
implemented in primary care contexts. For instance, the practice of outdoor education (i.e.,
teaching curriculum off campus) has been increasing in Canada, with more teachers bringing
students outdoors to learn (Ayotte-Beaudet et al., 2023). In fact, there is an on-going randomized

controlled trial taking place in the province of Québec led by Dr. Geoffroy which aims to test the
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effectiveness of a green-based school intervention designed to decrease mental health symptoms
in school-aged children (Loose et al., 2023).

Lastly, a recent review highlighted that greenspace is more beneficial for health among
individuals residing in urban areas in comparison to those residing in rural areas (Browning et
al., 2022). This may be due to urban dwellers having “more to gain” from greenspace given the
various mechanisms in which greenspace promotes health (e.g., reduction of harmful exposures,
restoration of attentional abilities, promotion of social and physical activities, and development
of the human microbiome) (Browning et al., 2022; Markevych et al., 2017). Additionally, a
recent commentary from UNICEF also highlighted that urban green environments are crucial for
child development (Chawla, 2021). Consequently, urban planning initiatives could involve
strategically integrating greenspaces within urban environments, ensuring equitable access, and
considering their impact across the biopsychosocial spheres for individuals across the lifespan.

Collectively, these initiatives across the domains of primary care, psychology, education,
and urban planning, alongside the results obtained from this doctoral research, provide evidence
that greenspace exposure has immense potential to help individuals from across the lifespan cope

with symptoms of mental health.
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Conclusion

There has been increasing interest in the putative benefits of greenspace exposure and the
full spectrum of mental health outcomes. The findings obtained in this dissertation underscore
important protective associations between greenspace exposure and mental health symptoms,
namely for suicide-related outcomes across the lifespan as well as for attention problems in
adolescents. The clarification of these associations highlights the restorative capacities of
greenspace exposure, marking green environments as a vital environmental resource that could
be incorporated in mental health prevention initiatives, particularly in urban environments.
Nonetheless, the complexity of these associations calls for further exploration into the underlying
mechanisms and moderators, necessitating robust experimental studies that could help establish
causal inferences in both youth and adult samples. Additionally, there are several disparities that
exist which bring forth environmental injustices impacting low-income regions and minority
populations, warranting further investigation. These efforts have the potential to shape new
approaches, such as walking interventions or school-based programs in green environments,
providing opportunity to help whole populations cope with symptoms of mental health problems,
alongside traditional treatment options. It is crucial for further exploration to enhance our
understanding of the potential therapeutic value of greenspace exposure to drive progress in
mental health care. Indeed, greenspace exposure holds promising potential to serve as an

additional pillar of lifestyle health.
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Appendix A

Unpublished directed acyclic graph (DAG) used to corroborate confounding factors used in

Chapter 4.
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Preferred Reporting Items in Greenspace Health Research developed by Cardinali et al. (2023)

Appendix B

#  Section/Topic Checklist Item Reported PageNr.
OBJECTIVE
1 Health Outcome(s) Specify the health outcome(s) being researched L]
Position the research within a theoretical pathway
2 Pathway(s) (Mitigation, Restoration, Instoration). L]
Provide a clear definition of green space features being
researched, distinguishing in particular between
3 Green Space Focus surrounding vegetation, contact with nature, and L]
accessible green spaces.
SCOPE
Specify the type of distance used with rationale
. (Euclidean Distance (ED), Network Distance (ND),
4 Type of Distance Buffered Service Area (BSA), Administrative Units L]
(AU)).
If accessibility to green spaces is part of the study
5 Walkability design, indicate if the walkability network used to ]
Network generate isochrones or buffered service areas has been
checked for bias and how.
6 Dist Give a rationale for the chosen distance and indicate if ]
istance different distances were tested (Sensitivity Analysis).
SPATTAL
ASSESSMENT
Proxy for Exposure Define the spatial indicators used in research and
7 Xy P indicate if different indicators were tested (Sensitivity L]
Variable .
Analysis).
8 Data Source Indicate which database was used and if there has been ]
© an adjustment for potential bias (expert assessment).
9 Public Ownership Indicate if the dataset was controlled for the usability of ]
Bias green spaces from public-owned plots and how.
10 Residential Indicate how semi-public residential green spaces have []
Ownership Bias been handled.
11 Classification Bias Indicate how green spaces have been classified. L]
12 Usability Bias Indlcat.e if th; usab1hty' of green spaces was checked and ]
report inclusion/exclusion criteria.
13 Connectivity Bias (Optional) Indicate if the data}bgse has been corrected for ]
green space network connectivity and how.
VEGETATIVE ASSESSMENT
Specify the indicator(s) used to assess surrounding
Proxy for Exposure . o . e
14 . vegetation or nature and indicate if the sensitivity was
Variable
tested.
15 Data Source Pr0V1d§ the data source of the satellite images and their ]
resolution.
16 I;;:(il;ng of Blue Indicate how blue spaces have been handled. L]
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Explain how variance in vegetation indices due to

17 Handling of Seasons  seasonality or changes in the built environment was L]

handled.
CONTEXT ASSESSMENT

Give a rationale for the chosen personal context

18 Personal Context variables that have been tested or controlled for. L]
Give a rationale for the chosen local context variables

19" Local Context that have been tested or controlled for. L]

. Give a rationale for the chosen urbanicity context

20 Urbanicity Context variables that have been tested or controlled for. L]
Indicate in which climate, and cultural setting the study

21 Global Context was conducted. If several settings are part of the ]

research explain how the results were controlled for

potential confounding and tested for effect modification.
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