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Summary

Mental health care represents a major global health challenge in contemporary societies. The
higher frequency of mental health issues in urban, compared to rural areas, gains particular
significance in light of the world’s rapidly accelerating urbanisation. Therefore, it is essential
to understand how urban and natural environments impact our mental and brain health.
Research shows that exposure to nature, in comparison to exposure to urban environments,
improves mood, reduces stress, as well as physiological indicators of stress. Yet, the neural
mechanisms behind the effects of natural and urban environments are not well understood. First
studies have indicated that living environments are associated with mental health, as well as
with brain function and structure. However, due to the inherent limitations of cross-sectional
studies, the causal relationship between physical environments and brain health remains
unestablished.

This dissertation consists of four publications investigating the short-term causal effects
of exposure to natural and urban environments on stress, stress-related brain function and
hippocampal structure.

In Paper I (Sudimac et al., 2022) we examined effects of a one-hour walk in a natural
versus urban environment on stress-related brain function. The results indicated that activity in
the amygdala, a brain region associated with stress, decreased after the nature walk, whereas
no significant change was noted after the urban walk. The findings suggest that exposure to
nature may have beneficial effects on stress-related brain regions, potentially acting as a
preventive measure against stress-related mental health issues.

In Paper II (Sudimac & Kiihn, 2022) we explored sex differences in the impact of a
one-hour walk in a natural versus urban environment on amygdala activity. Our results revealed
a decrease in amygdala activity following the nature walk exclusively in women, with no
significant change observed in men. This outcome indicates that women may benefit more from
exposure to natural environments and underscores the necessity of considering individual
differences, like sex, in the neural responses to exposure to natural and urban environments.

In Paper I1I (Sudimac & Kiihn, 2024) we investigated the impact of a one-hour walk in
a natural versus urban environment on the structure of the hippocampus. We observed an
increase in the volume of the hippocampal subfield, subiculum, following the nature walk,
while no significant change was observed after the urban walk (though the interaction did not

withstand the Bonferroni correction). Since the subiculum plays a role in dampening the stress



response via the hypothalamic-pituitary-adrenal axis, our findings suggest that exposure to
nature might positively influence a brain region associated with inhibition of stress response.

In Paper IV (Sudimac et al., 2024) we assessed the effects of a walk in residential natural
versus urban environments on subjective and physiological indicators of stress in mothers and
their infants. We found no significant differences between exposure to natural and urban
environments in mothers’ self-reported stress or in the stress-related cortisol levels, in both
mothers and infants. However, a reduction in cortisol in mothers and infants was observed after
walks in both natural and urban environments, indicating that the act of walking in residential
areas might have a calming effect, regardless of the environment.

In summary, this dissertation reveals a seminal evidence for the potential benefits of
short-term exposure to natural relative to urban environments on stress-related brain function
and brain structure. Furthermore, it emphasizes the need to consider individual differences, like
sex and age, in exploration of natural and urban environments on mental and brain health. In
conclusion, this work contributes to the growing body of research on environmental
neuroscience and has potential implications for urban planning and public health strategies

aimed at mitigating stress and enhancing mental health in urban populations.
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Zusammenfassung

Die psychische Gesund stellt eine bedeutende globale Herausforderung in der heutigen
Gesellschaft dar. Die hohere Haufigkeit psychischer Probleme in stddtischen im Vergleich zu
landlichen Gebieten gewinnt besonders an Bedeutung angesichts der weltweit schnell
fortschreitenden Urbanisierung. Daher ist wichtig zu verstehen, wie stddtische und natiirliche
Umgebungen unsere psychische und Gehirngesundheit beeinflussen. Forschungen zeigen, dass
der Kontakt mit Natur, im Vergleich zur Exposition gegeniiber stddtischen Umgebungen, die
Stimmung verbessert, Stress sowie physiologische Stressindikatoren reduziert. Die neuronalen
Mechanismen hinter den Auswirkungen natiirlicher und stadtischer Umgebungen sind jedoch
noch nicht gut verstanden. Erste Studien weisen darauf hin, dass Wohnumgebungen mit
psychischer Gesundheit sowie mit Gehirnfunktion und -struktur zusammenhéngen. Allerdings
blieben, aufgrund der inhdrenten Einschrankungen von Querschnittsstudien, die kausalen
Beziehungen zwischen physischen Umgebungen und Gehirngesundheit ungeklért.

Diese Dissertation besteht aus vier Verdffentlichungen, in denen die kurzfristigen
kausalen Auswirkungen der Exposition gegeniiber natiirlichen und stddtischen Umgebungen
auf Stress, stressbezogene Gehirnfunktion, und die Struktur des Hippocampus untersucht
werden.

In Papier I (Sudimac et al., 2022) untersuchten wir die Auswirkungen eines
einstiindigen Spaziergangs in einer natiirlichen im Vergleich zu einer stiddtischen Umgebung
auf stressbezogene Gehirnfunktionen. Die Ergebnisse zeigten, dass die Aktivitdt in der
Amygdala, einer mit Stress assoziierten Gehirnregion, nach dem Spaziergang in der Natur
abnahm, wihrend nach dem stiddtischen Spaziergang keine signifikante Verdnderung
festgestellt wurde. Die Befunde legen nahe, dass die Exposition gegeniiber der Natur positive
Auswirkungen auf stressbezogene Gehirnregionen haben konnte und somit als préventive
Malnahme gegen stressbedingte psychische Gesundheitsprobleme wirksam sein konnte.

In Paper II (Sudimac & Kiihn, 2022) erforschten wir Geschlechtsunterschiede in der
Wirkung eines einstlindigen Spaziergangs in einer natiirlichen im Vergleich zu einer stddtischen
Umgebung auf die Amygdala-Aktivitit. Unsere Ergebnisse zeigten eine Abnahme der
Amygdala-Aktivitdit nach dem Natur-Spaziergang ausschlieBlich bei Frauen, bei Minnern
wurde keine signifikante Verdnderung beobachtet. Dieses Ergebnis deutet darauf hin, dass
Frauen moglicherweise stirker von der Exposition gegeniiber natiirlichen Umgebungen

profitieren und unterstreicht die Notwendigkeit, individuelle Unterschiede wie Geschlecht in
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den neuralen Reaktionen auf die Exposition gegeniiber natiirlichen und stiddtischen
Umgebungen zu beriicksichtigen.

In Paper III (Sudimac & Kiihn, 2024) untersuchten wir die Auswirkungen eines
einstiindigen Spaziergangs in einer natiirlichen im Vergleich zu einer stidtischen Umgebung
auf die Struktur des Hippokampus. Wir beobachteten eine Zunahme des Volumens des
hippokampalen Subfeldes, Subikulum, nach dem Natur-Spaziergang, wihrend nach dem
stadtischen Spaziergang keine signifikante Verdnderung festgestellt wurde (obwohl die
Interaktion nach Anwendung der Bonferroni-Korrektur nicht signifikant war). Da das
Subikulum eine Rolle bei der Dampfung der Stressreaktion iiber die hypothalamisch-
hypophysér-adrenale Achse spielt, legen unsere Ergebnisse nahe, dass die Exposition
gegeniiber der Natur einen positiven Einfluss auf eine mit der Hemmung der Stressreaktion
assoziierte Gehirnregion haben konnte.

In Paper IV (Sudimac et al., 2024) bewerteten wir die Auswirkungen eines Spaziergangs
in natiirlichen im Vergleich zu stddtischen Wohngebieten auf subjektive und physiologische
Stressindikatoren bei Miittern und ihren Séuglingen. Wir fanden keine signifikanten
Unterschiede zwischen der Exposition gegentiber natiirlichen und stidtischen Umgebungen in
Bezug auf selbstberichteten Stress der Miitter oder auf die Cortisolwerte, Stresshormon, sowohl
bei Miittern als auch bei Sduglingen. Allerdings wurde eine Reduzierung des Cortisols bei
Miittern und Sduglingen nach Spaziergéngen in beiden Umgebungen beobachtet, was darauf
hinweist, dass das Spazierengehen in Wohngebieten unabhingig von der Umgebung eine
beruhigende Wirkung haben kdnnte.

Zusammenfassend zeigt diese Dissertation bahnbrechende Hinweise fiir die
potenziellen Vorteile einer kurzfristigen Exposition gegeniiber natiirlichen im Vergleich zu
stadtischen Umgebungen auf stressbezogene Gehirnfunktion und -struktur. Weiterhin betont
sie die Notwendigkeit, individuelle Unterschiede wie Geschlecht und Alter bei der Erforschung
natlirlicher und stddtischer Umgebungen auf die psychische und Gehirngesundheit zu
beriicksichtigen. Abschlieend trigt diese Arbeit zur wachsenden Forschung im Bereich der
Umweltneurowissenschaften bei und konnte Implikationen fiir die Stadtplanung und
offentliche Gesundheitsstrategien haben, die darauf abzielen, Stress zu mildern und die

psychische Gesundheit in stddtischen Bevdlkerungen zu verbessern.
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1 General theoretical and empirical background

Currently, we are witnessing an unprecedented level of urbanisation. To date, 55% of the world
population resides in cities, a figure that is projected to increase to 68% by 2050 (United
Nations, Department of Economic and Social Affairs, Population Division, 2019). Given a
higher incidence of mental disorders in urban compared to rural areas (Peen et al., 2010), this
rapid urbanisation underscores the need to examine the effects of urban environments on
citizens’ well-being. Therefore, research is increasingly focused on understanding the impact
of the physical environment on mental health and the brain, as well as on identifying strategies
to mitigate these effects and improve the quality of life. While physical environmental factors
include pollution, temperature, humidity, and population density (Liu et al., 2023) in this
dissertation the term “physical environment” specifically refers to natural and urban
environments. This chapter provides an overview of existing research, exploring how natural
and urban environments can affect mental health indicators like mood and stress, and their

effects on the brain.

1.1 The associations between the physical environment and mental health

Urban settings offer numerous benefits, including improved access to healthcare and education,
greater employment opportunities, and cultural enrichment (Dye, 2008; Glaeser, 2011).
However, numerous studies have highlighted the potential negative impact of urban living on
mental health. There is a growing concern about mental health issues in cities, with a notably
higher incidence of mental disorders like mood and anxiety disorders, depression, and
schizophrenia in urban compared to rural areas (Peen et al., 2010; Pignon et al., 2023; Purtle et
al., 2019; Van Os et al., 2010; Vassos et al., 2012).

According to so-called drift hypothesis, higher incidence of mental disorders in cities
can be attributed to selective migration (Harriss & Hawton, 2011). That is, individuals more
prone to developing disorders may migrate to urban areas, for instance, due to enhanced access
to health and social services. However, many studies support the alternative breeder hypothesis
indicating that the disparities between urban and rural mental health arise primarily from
environmental factors. Notably, a longitudinal study demonstrated that individuals who moved
to a greener area experienced enhanced mental well-being in the three subsequent years (Alcock

et al., 2014). Moreover, a 10-year longitudinal study, which involved over 2 million
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1 General theoretical and empirical background

participants, showed that exposure to natural environments was linked to a lower incidence of
mental disorders (Geary et al., 2023).

While the psychiatric literature has been focused on relating mental disorders with
adverse factors within urban environments, such as air pollution and traffic noise (Gruebner et
al., 2017; Krabbendam et al., 2021), research in environmental psychology has emphasised the
positive impacts of nature on well-being (Kiihn et al., 2021; Russell et al., 2013). This research
suggests that natural environments could potentially mitigate the unfavourable impacts of urban
environments (M. Van den Berg et al., 2015). Studies in environmental psychology have
consistently highlighted the health benefits of exposure to natural environments in comparison
to urban environments, such as enhanced mental health, more physical activity, and a lower
risk for several mental disorders (Bratman et al., 2019; Rojas-Rueda et al., 2019; World Health
Organization, 2016).

Further evidence reveals a positive link between mental health and residing near natural
spaces. There is a consistent positive association between mental health and living near green
spaces and coastlines, even when variables like socio-economic factors are taken into account
(Callaghan et al., 2021; Garrett et al., 2019; Sturm & Cohen, 2014; White et al., 2021).
Moreover, there is a dose-response relationship between the extent of public green spaces and
mental well-being: the larger the areas of public green spaces, the better the mental health of
the residents tends to be (Wood et al., 2017). Additionally, daily commutes through natural
settings have been associated with improved mental health outcomes, in contrast to commutes
without natural features (Zijlema et al., 2018). Residing in a neighbourhood rich in green spaces
has been identified as a protective factor against the onset of mental disorders. It has been
repeatedly shown that living close to green spaces is related to reduced risk for developing
depression, as well as other mental disorders (Cohen-Cline et al., 2015; Gascon et al., 2015;
Sarkar et al., 2018; M. Van den Berg et al., 2015). Furthermore, high levels of residential green
space in childhood have been associated with a reduced likelihood of experiencing a range of
mental disorders (Engemann et al., 2019). Interestingly, living close to nature may also be
beneficial for physiological indicators of stress. For instance, individuals residing in greener
areas were found to exhibit reduced levels of the stress hormone cortisol (Gidlow, Randall, et
al., 2016). Since not only proximity to urban parks, but also number of visits to them has been
positively associated with mental health (Sturm & Cohen, 2014), it is likely that those living
near urban parks will visit them more often, thereby benefiting from their salutogenic effect on
mental health. This is supported by a recent study using data from 18 countries that revealed

that recreational visits to both green spaces and blue spaces (like lakes or the sea) over the past
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month were positively associated with increased well-being and inversely related to mental
distress (White et al., 2021). While the association between residing near or frequenting green
spaces and mental health benefits has been often validated, it is not yet clear why nature is
salutogenic for human well-being. Multiple theoretical frameworks in environmental
psychology explore the factors behind the human preference for nature and its positive impact

on our well-being, and these frameworks will be outlined in the following section.

1.2 Theoretical frameworks

Throughout history, nature has been universally revered for its positive impact on human well-
being. Nature is broadly defined as “all the animals, plants, rocks, etc. in the world and all the
features, forces, and processes that happen or exist independently of people, such as the
weather, the sea, mountains, the production of young animals and growth”

(https://dictionary.cambridge.org/dictionary/english/nature). This section will present various

theoretical frameworks that propose different approaches to understanding consistently
observed positive impacts of nature on mental health and cognition.

The biophilia hypothesis, derived from the Greek words “bios” (life) and “philia”
(fondness or attraction), proposes that humans have an innate affinity for the natural world.
Proposed by Edward O. Wilson (1986), this hypothesis posits that humans are predisposed to
be attracted to nature due to our evolutionary history. Our ancestors, reliant on nature for
survival essentials like food and shelter, developed an inherent inclination towards nature. This
preference for nature emerged as a key trait selected through evolutionary processes across
numerous generations, since nature was a reliable source of essential resources. Thus, according
to the biophilia hypothesis, our inherent draw to nature and its beneficial impact on our well-
being are rooted in our evolutionary history.

Stress Reduction Theory (SRT), another evolutionary theory, posits that, when in contact
with nature, humans experience a rapid, immediate positive psychophysiological response to it
(Ulrich, 1983; Ulrich et al., 1991). According to SRT, artificial settings can lead to increased
stress levels, whereas nature alleviates stress. This is because humans have a genetically
ingrained positive response to nature, a trait developed over millions of years of evolution.
Therefore, humans’ preference for natural environments is innate. A positive affective response
is triggered by specific environmental features, like complexity, structural features (e.g.,
asymmetry), and absence of threat. Upon encountering these natural features, there is a rapid

increase in positive affective response and a concurrent decrease in arousal levels, initiating a
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restorative process. SRT also states that the calming effects of nature on an individual are more
effective if the individual is in a stressed state. Thus, SRT suggests that a reduction in stress
levels in natural environments occurs automatically, reflecting our deep evolutionary
connection with nature.

Attention Restoration Theory (ART) posits that nature is an ideal place to restore
diminished attentional capacity (Kaplan 1995). ART proposes that during our everyday
activities (working, studying etc.), voluntary attention is activated and, over time, limited
resources of voluntary attention are drained, which leads to mental fatigue. However, nature
has the capability of “recharging” our attentional capacity by inducing involuntary attention,
while allowing voluntary attention to recover. ART postulates that nature is full of simple
elements, such as a breeze of wind or a sound of a river, that evoke “soft fascination”, during
which drained voluntary attention can be restored. While SRT focuses on quick and innate
emotional response to nature, ART highlights slower cognitive processes in contact with nature.
In contrast to SRT, ART posits that engagement with nature initially induces restorative
processes, that consequently lead to a decrease in stress. ART and SRT should not be viewed
as opposing, but rather as complementary theoretical frameworks (Berto, 2014; Joye & Van
Den Berg, 2018). They each focus on different aspects of nature’s salutogenic effects: ART on
the cognitive and SRT on the affective responses.

In addition to SRT and ART, which are the main theoretical frameworks regarding
nature’s positive effects on mental health, three novel theories have emerged in recent years.
The Perceptual Fluency Account (PFA) aims to integrate SRT and ART by proposing that
natural environments possesses a higher perceptual fluency compared to urban settings, leading
to enhanced restorative effects (Joye & Van Den Berg, 2018). PFA suggests that nature's
fluency stems from our visual system's inherent tuning to the structure of natural environments
as opposed to man-made environments. Specifically, fractal shapes, which are more present in
natural environments, are processed more effortlessly than the shapes typically found in urban
settings.

Condition Restoration Theory (CRT) proposes that restoration in natural environments
results from restorative conditioning (Egner et al., 2020). This process involves associating
relaxing experiences previously encountered in nature with nature itself. In contemporary
societies, where nature is often a setting for leisure, positive emotions experienced in natural
settings become classically conditioned and linked to subsequent nature encounters, leading to

restoration in natural environments. Thus, CRT posits that restoration is not inherently tied to
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the characteristics of nature and can also occur in non-natural environments, indicating that the
restorative effect is related to conditioned response than to the environment itself.

Recently, the Nature-based Biopsychosocial Resilience Theory (NBRT) was proposed
by White and colleagues (2023), suggesting that individuals are consistently faced with a range
of environmental, socio-economic, and personal stressors that can disrupt their natural balance,
negatively influencing their mental health. However, according to the NBRT, individuals also
have a stockpile of biological, psychological, and social resources that they can leverage to
counteract the effects of these stressors on their well-being. This resilience can be viewed as a
dynamic process that helps to prevent or reduce stress, respond to immediate challenges, and
recover from disturbances. NBRT posits that nature plays a pivotal role in maintaining and
restoring these resilience resources. The natural environment, with its diverse ecosystems,
settings, and elements, offers varied contact experiences that can enhance resilience in stressful
situations. Furthermore, the process of responding to stress can indirectly reinforce resilience

by fostering behaviours such as increased engagement with natural surroundings.

1.3 Effects of natural and urban environments on mental health

While a substantial body of research have demonstrated a positive correlation between living
near natural environments and improved mental health (Callaghan et al., 2021; Cohen-Cline et
al., 2015; Engemann et al., 2019; Garrett et al., 2019; Sturm & Cohen, 2014; White et al., 2021;
Wood et al., 2017), the cross-sectional nature of these studies prevents the assumption of a
causal relationship. To investigate the potential causal relationship between natural and urban
environments and mental health, numerous studies have implemented experimental designs in
laboratory settings. These studies focused on mental health indicators such as mood and stress.

In these experiments, participants’ mental health indicators were measured while
viewing photos of either natural or urban scenes, and revealed that merely viewing natural
environments can have a positive impact on mood and stress. Specifically, participants reported
feeling more relaxed after viewing photos of forests (Song et al., 2018) and experienced reduced
feelings of anxiety, hostility, and fatigue after viewing garden images, as compared to urban
scenes (Lee, 2017). To enhance the experience of nature immersion, Wang and colleagues
(2016) used video footage of natural settings and observed that the natural scenes reduced stress
and promoted feelings of restoration, whereas urban scenes elicited negative emotions. Given
the complexities of replicating the natural environment within a laboratory setting, much of this

research has prioritised visual stimuli, examining the effects of images and videos on mental

21



1 General theoretical and empirical background

health. Nevertheless, studies investigating other sensory modalities, such as sounds of nature,
have yielded comparable findings. For instance, natural sounds such as the gushing of a water
fountain or birdsong have been shown to be more preferred than urban noises (Coensel et al.,
2011) and are also effective in improving mood (Benfield et al., 2014). Additionally, listening
to birdsong alleviated anxiety and state paranoia, whereas traffic noise increased depressive
symptoms in healthy participants (Stobbe et al., 2022).

Given the limitations of two-dimensional photos as a static and sometimes constrained
representation of nature, researchers have turned to virtual reality (VR) for a more immersive
and realistic experience. With advancements in VR technology, it has become possible to
recreate both natural and urban environments in order to provide a more realistic experience of
these environments. Thus, studies have found that when nature scenes are presented in
immersive VR settings, participants likewise showed a decrease in stress and an increase in
positive affect (Mostajeran et al., 2023; Reese et al., 2022). Additionally, these studies showed
enhanced perceptions of restorativeness (Mostajeran et al., 2023) and improvements in
cognitive performance (Berto, 2014) within these simulated natural settings. Recent reviews
examining the impact of VR-based nature experiences (H. Li et al., 2021; Riches et al., 2021)
report that most of the studies showed restorative effects, mood improvements and an increase
in relaxation and stress recovery, as well as improved cognition after watching natural scenes
in VR. However, these reviews also highlight potential methodological concerns in some
studies, such as the novelty bias, referring to the possibility that observed effects might stem
from the novelty of the VR experience itself, rather than from the natural environment being
portrayed (H. Li et al., 2021; Riches et al., 2021).

Furthermore, the ecological validity of above described studies may be called into
question, as viewing photos of nature on a screen or in a VR setting may not truly reflect the
genuine experience of physically being in a natural environment. Nevertheless, a substantial
body of research in environmental psychology has demonstrated the benefits of direct, in situ
exposure to nature on mental health. Thus, several reviews exploring the effects of exposure to
in situ nature on mental health consistently indicate that such exposure improves mood and
reduces stress (Barnes et al., 2019; Corazon et al., 2019; M. M. Hansen et al., 2017; Kondo et
al., 2018; Kotera et al., 2022; McMahan & Estes, 2015; Oh et al., 2017). For example, it has
been shown that an intervention involving 20 minutes of sitting in a natural setting, as opposed
to an urban one, led to reduced stress levels (Beil & Hanes, 2013). Similarly, engaging in
outdoor gardening has been shown to decrease stress and improve mood (A. E. Van den Berg

& Custers, 2011). Nevertheless, the most common intervention, when it comes to a real-world
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exposure to nature, is taking a walk in the nature, as this represents the most ecologically valid
and typical form of interaction that people have with natural environments. Research on
exposure to in situ nature varies very much in terms of the duration of the intervention (Kondo
etal.,2018; Oh et al., 2017). Some studies have shown the benefits of brief exposures to nature.
For example, a mere 15-minute nature walk, compared to an urban walk, has been demonstrated
to enhance positive emotions and attention restoration, while reducing negative emotions and
anxiety (Bielinis et al., 2018; Song, Ikei, Igarashi, et al., 2015). On the other hand, interventions
can also involve longer visits to a natural environment. For example, mental well-being of
university students improved after visiting the university’s arboretum for two hours daily over
a period of five consecutive weeks (Vujcic and Tomicevic-Dubljevic 2018). Similarly,
employees who took nature walks during their lunch breaks twice a week for 8 weeks exhibited
improved mental health (Brown et al., 2014).

Exposure to real-world nature has been examined across various natural settings. In
Japan, a considerable amount of research has explored the impact of forest environments on
mental health within the practice known as shinrin yoku or “forest bathing” (M. M. Hansen et
al.,2017; Oh et al., 2017). This practice, long appreciated in Japan, entails a mindful immersion
in the forest, while engaging all the senses. The term “forest bathing” was officially introduced
by the Japanese Forestry Agency in 1982 (M. M. Hansen et al., 2017; Rajoo et al., 2020). The
practice involves walking or sitting in a forest, but also interaction with other senses, such as
touching and smelling trees and flowers. Today, it is widely embraced activity in Japan,
practiced both by the healthy population, but also within clinical settings. Numerous studies
highlight the restorative effects of “forest bathing” on mental health (Barnes et al., 2019; Kotera
et al., 2022; Oh et al., 2017). For instance, spending one day in a forest has been associated
with a more pronounced reduction in negative emotions and increased positive feelings and
restoration, compared with time spent in urban settings (Ochiai et al., 2015; Takayama et al.,
2014). Similarly, extended stays of two days in a forest have yielded reductions in negative
affect, mood improvement, and higher restoration (G. X. Mao et al., 2012). Furthermore, a
wide-scale study conducted across 14 forests in Japan showed that spending a day in a forest
positively affected participants’ mental health, by decreasing anxiety and depression symptoms,
and increasing vigor, compared to being in 14 different urban environments (B.-J. Park et al.,
2011). Beyond the beneficial effects of forest, urban green spaces, such as urban parks, have
been shown to beneficially affect mental health. For instance, previous research indicates that
a mere 30-min walk in an urban park, as opposed to a walk in an urban street, can decrease

rumination and negative affect, and improve mood (Grazuleviciene et al., 2016; Lopes et al.,
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2020). Furthermore, research has expanded to include blue spaces (areas adjacent to bodies of
water), underscoring their distinct mental health benefits (White et al., 2021). For example, it
was found that a walk on a beach by the sea improved mood and decreased stress (Triguero-
Mas et al., 2017), whereas walking along a canal was associated with greater restorative
experiences than urban walks (Gidlow, Jones, et al., 2016).

The studies showing beneficial effects of being in nature on mental health have also
shed light on the therapeutic practice of being in nature, revealing its benefits for both healthy
individuals and clinical populations (Kotera et al., 2022). While exposure to nature has been
shown to significantly improve overall well-being, it particularly benefits individuals prone to
depressive tendencies or those dealing with chronic stress (Furuyashiki et al. 2019; Morita et
al. 2007). Thus, taking a walk in nature, compared to a walk in an urban setting, improved mood
and cognition in patients with depression (Berman et al., 2012). Furthermore, a 4-week
Cognitive Behavioural Therapy (CBT) psychotherapy program conducted in a forest setting
resulted in a higher rate of depression remission compared to similar interventions in a hospital
or control group (Kim et al. 2009). Additionally, individuals suffering from alcoholism
experienced a reduction in depression symptoms after engaging in forest-based interventions
compared to a control group (Shin et al., 2011). These findings underscore the therapeutic
potential of nature immersion for enhancing mental health, particularly in individuals
confronting psychological challenges. Nature-based activities are increasingly being accepted
as a therapeutic intervention for people who are at risk for developing a mental disorder.
However, it is important to note that while the existing research suggests promising benefits of
exposure to nature for mental health, prescribing nature as a therapy, so-called “green
prescription”, still needs further investigation before it is widely implemented into everyday
health care practice (Adewuyi et al., 2023).

In sum, various approaches involving natural and urban environments, such as
photographs, environments simulated in VR, and in situ experiences, have all demonstrated
beneficial effects of nature on mental health, particularly in terms of stress and mood, as
measured through self-reports. The next section will delve deeper into the physiological
evidence that illustrates how natural and urban environments specifically influences one aspect

of mental health: stress.
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1.4 Effects of natural and urban environments on physiological

indicators of stress

The stress-reducing effects of nature are observed not only in self-reported measures but also
in physiological indicators of stress. Initial experiments assessing physiological stress markers
involved participants viewing photographs of natural and urban environments in laboratory
settings. Thus, results showed that viewing photographs of natural landscapes reduced stress-
related electrodermal activity compared to viewing photographs of urban roadway (Wang et
al., 2016). In an immersive experiment, participants experienced 360-degree nature images
while also being exposed to natural scents. This not only lowered perceived stress but also
decreased electrodermal stress activity (Hedblom et al., 2019). A recent review focusing on VR
representations of natural scenes found that the combination of audio-visual elements from
nature in immersive VR setting induced stress recovery, indicated by physiological stress
markers (Riches et al., 2021).

To assess physiological stress markers in natural and urban environments in situ,
numerous studies have recorded physiological markers during a walk in these settings. Research
focused on “forest bathing” has highlighted how the therapeutic effects of forest can enhance
the adaptive nervous system’s response to stressors. For instance, it has been repeatedly shown
that participants who have been exposed to nature exhibit lower levels of the stress hormone
cortisol compared to those exposed to an urban environment (Antonelli et al., 2019; Chang et
al., 2019; Ewert & Chang, 2018; Gidlow, Jones, et al., 2016; Grazuleviciene et al., 2016; Ochiai
et al., 2015; Tsunetsugu et al., 2007). Remarkably, these benefits seem to manifest even after a
15-minute walk in a forest (Kobayashi et al., 2019). Furthermore, “forest bathing” has been
found to suppress stress-induced sympathetic activity and increase relaxation-linked
parasympathetic activity (Kobayashi et al., 2012; Lee et al., 2014; B. J. Park et al., 2010;
Triguero-Mas et al., 2017). The findings have consistently revealed that spending time in forest
can decrease heart rate (Ochiai et al., 2015; Song, Ikei, Kobayashi, et al., 2015) and blood
pressure and have a positive effect on cardiovascular health (Furuyashiki et al., 2019; Rajoo et
al., 2020). Immersion into a forest has also been shown to boost the count of natural killer cells
and anticancer proteins (Q. Li et al., 2007). Furthermore, a study showed that elderly individuals
with hypertension experienced not only enhanced mood but also reduced blood pressure after
a week-long forest immersion, unlike a control group in an urban setting. (G.-X. Mao et al.,
2012). Even though extensive research on the effect of “forest bathing” indicates that this

practice beneficially affects well-being as well as the cardiovascular system, it is important to
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note that many of these studies come with limitations. Issues like small sample sizes, non-
randomised participant allocation, potentially non-representative samples, and non-blinded
participants result in a medium to high risk of bias in these studies (Kotera et al., 2022; Oh et
al., 2017).

Even though the benefits of nature for mental health, including mood and stress, have
been consistently demonstrated, the underlying neural mechanisms remain largely unexplored.
The next section will present the literature that has explored the relationship between the natural

and urban environments and brain structure and function.

1.5 Natural and urban environments and the brain

In this section, we provide an overview of existing research that investigates the relationship
between natural and urban environments and the brain, starting with an examination of their

association with brain structure, and then exploring their correlation with brain function.
1.5.1 Natural and urban environments and brain structure

Recent cross-sectional studies have investigated the association between brain structure and the
physical environment. They have revealed a positive correlation between being raised in urban
areas or living near green spaces and brain structural health metrics, such as gray matter volume
and cortical thickness (Crous-Bou et al., 2020; Haddad et al., 2015; Lammeyer et al., 2019).
Thus, a seminal study demonstrated a negative correlation between growing up in an urban
environment and the gray matter volume in the dorsolateral prefrontal cortex (dIPFC) (Haddad
et al., 2015). Similarly, a study by Lammeyer and colleagues (2019) confirmed the inverse
correlation between early-life urbanicity and the gray matter volume in the dIPFC, as well as in
the right inferior parietal lobe. As dysfunctions of these regions have been linked to stressful
life events (S. N. Kim et al., 2013; Tomoda et al., 2009), and structural and functional alterations
of the dIPFC have been found in patients with schizophrenia (Smucny et al., 2022), these
findings may suggest a potential mechanism by which an urban upbringing may affect the risk
for developing schizophrenia (Haddad et al., 2015; Lammeyer et al., 2019). Furthermore, urban
upbringing has been negatively associated with cortical thickness in the left dIPFC, bilateral
medial prefrontal cortex, left superior temporal cortex, and left parahippocampal cortex, which
are also implicated in schizophrenia (Besteher et al., 2017). A study focusing on the
hippocampal formation found that adolescents brought up in exclusively rural environments

exhibited a larger left hippocampal formation than those raised exclusively in urban
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environments, suggesting a potential beneficial effect of natural environments for the
hippocampus (Kiihn et al., 2020).

At the same time, living close to green spaces has been shown to be positively associated
with brain health measures related to brain structure, such as cortical thickness, amygdala
integrity, and to be negatively associated with brain atrophy (Besser et al., 2021; Crous-Bou et
al., 2020; Kiihn et al., 2017). A recent study reported that in individuals at risk for developing
Alzheimer’s dementia, large residential green areas are linked to higher cortical thickness in
areas linked to Alzheimer’s dementia, suggesting a possible role of nature in mitigating
detrimental effects of urban environments on these brain regions (Crous-Bou et al., 2020). A
study with older adults showed that living close to green space was associated with lower
ventricular volume, which reflects global brain atrophy, again highlighting the potential
positive link between green spaces and brain health (Besser et al., 2021). Furthermore, another
study with older adults found a positive association between the coverage of urban green spaces
in participants’ neighbourhoods and the grey matter volume in the perigenual/subgenual
anterior cingulate cortex (pACC/sACC), a region previously linked to depression. Conversely,
the size of industrial and transportation areas was found to negatively correlate with the volume
in these brain regions. Moreover, the presence of urban greenery accounted for additional
variance compared industrial areas, suggesting that urban greenery may have an impact on brain
structure beyond the detrimental effects of urban settings (Kiihn et al., 2021). To understand
the environmental factors contributing to brain plasticity in the elderly, Kiihn and colleagues
examined the association of forest coverage, urban green environment, water bodies, and
wasteland with amygdala, pACC and dIPFC integrity (Kiihn et al., 2017). They demonstrated
a positive relationship between forest coverage in participants’ neighbourhoods and amygdala
integrity, suggesting that forests may have salutogenic effects on the health of the amygdala.

While these studies offer valuable insights, their cross-sectional design limits the ability
to infer causality between environmental features and brain structure changes. It cannot be
excluded that individuals with specific mental health characteristics or neurological traits might

choose to live in greener surroundings.
1.5.2 Natural and urban environments and brain function

Beyond the relationship between an urban or natural environment and brain structure, several
studies examined the relationship between these environments and brain function. Lederbogen
and colleagues (2011) conducted a seminal study in which they investigated the relationship
between urban and rural environments and brain function. Using functional magnetic resonance

imaging (fMRI), they demonstrated that during a social stress task, activity in the amygdala, a
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brain region associated with stress (Inman et al., 2023; Roozendaal et al., 2009), was higher in
urban compared to rural dwellers. Furthermore, the association between current city living and
amygdala activity during a social stress task increased stepwise, from participants living in rural
areas to those living in towns, and was the highest in city dwellers. Additionally, the authors
examined the association between early-life urbanicity and brain activity during the social stress
task and found that early-life urbanicity was positively related to activity in the pACC, a brain
region that modulates amygdala activity and stress. This study indicates that living and being
raised in an urban environment may negatively affect brain function, reflected in heightened
stress-related brain activity during social stress task. While this psychiatric research has
highlighted the negative impact of urban environments, these results can also be interpreted
through the lens of environmental psychology, suggesting that these findings may reflect the
protective effects of natural environments on the brain activity of individuals living in less
urbanised areas.

Similarly, another study showed that during experiencing stimuli activating the
dopaminergic system, urban residents exhibited altered activity and modulatory capability
within the midbrain dopamine system (Krdmer et al., 2017). Specifically, they showed
heightened activation in areas like the amygdala, medial orbitofrontal cortex, and pACC
compared to rural residents. The results suggest that chronic stress, common in urban
environments, might induce a dysregulation of the dopamine system, which is also implicated
in mental disorders such as depression and schizophrenia. Another recent study focused on
participants’ real-time emotional responses in urban green spaces (Tost et al., 2019). It sought
to understand the correlation between the intensity of their emotional response in urban green
spaces and brain function during a task that elicits negative emotions. The authors found that
experiencing positive emotions in green spaces was associated with reduced activity in the brain
regions that regulate emotions, the dIPFC and in the ventromedial prefrontal cortex (vmPFC).
Given that reduced activity in the dIPFC and vmPFC is commonly observed in individuals at
higher risk for depression and anxiety disorder (Opel et al., 2017), the findings of this study
suggest that green spaces may serve as a protective factor by compensating for reduced
regulatory prefrontal capacity (Tost et al., 2019).

The preceding cross-sectional studies indicate that growing up in or living near natural
environments is positively associated with brain structural health metrics as well as with a
reduction in stress-related brain function. However, it is important to note that the causal
relationship between the environment and brain measures cannot be established based on this

evidence. Hence, it remains unclear whether the environment influences brain outcomes,
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according to the breeder hypothesis, or if individuals with healthier lifestyles, potentially
leading to better brain health, choose to reside near green spaces, while those with mental health
issues choose to move to cities for improved healthcare access, as proposed by the drift
hypothesis. To determine causality, intervention studies are needed where brain outcomes are
assessed before and after the exposure to natural versus urban environments, thereby
establishing a direct link between the environment and brain metrics (Bratman et al., 2019; Tost
et al., 2015).

Several studies in laboratory settings focused on visual aspects of the physical
environment, in which photos of a natural versus an urban environment were presented, while
brain activity was measured using fMRI. Viewing rural scenery was related to activity of the
ACC, involved in cognitive and emotional processing, as well as in regions like the globus
pallidus, putamen, and the head of the caudate nucleus, linked to pleasant activities and positive
emotions such as happiness (T.-H. Kim et al., 2010). Conversely, urban scenes were associated
with heightened activity in the occipital cortex, involved in visual processing, the hippocampus
and parahippocampus, linked to memory processing, and visual memory, as well as in the
amygdala, linked to fear, danger, and stress. Another fMRI study found increased activity in
areas associated with visual processing and attention (cuneus, right cingulate gyrus, left
precuneus) when viewing natural versus urban images (Tang et al., 2017). It is important to
point out, however, that these studies often had small sample sizes, warranting caution in
interpreting the results. The interpretability of these findings is additionally constrained by the
heightened risk of reverse inference (Poldrack, 2006). Namely, changes in specific brain
regions during presentation of natural and urban stimuli do not necessarily imply the
involvement of psychological processes related to those brain regions. To address this
limitation, interventional approaches have been suggested as a viable solution (Roberts &
Christopoulos, 2018).

Studies using electroencephalography (EEG) have indicated that viewing photographs
and videos of nature scenes compared to urban scenes promoted alpha waves, associated with
relaxation (Grassini et al., 2019, 2022). Unlike MRI equipment, EEG is portable and has
therefore been used to examine brain activity in settings in situ, such as observing a natural
space from an office window (Elsadek et al., 2020). This study also found an increase in alpha
waves when viewing natural space to an urban space, corroborating the results by Grassini and
colleagues (Grassini et al., 2019, 2022). Additionally, a study using portable EEG during a 20-
minute walk in a natural versus an urban environment showed enhanced connectivity between

EEG electrodes during the exposure to nature, potentially implying improved neural processing
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(Chen et al., 2016). However, additional research is needed to understand the relationship
between the physical environment and brainwave patterns during exposure to the environment
in situ.

While MRI methodology offers higher spatial resolution and can measure activity in
deeper brain structures compared to EEG, its immobility prevents real-time measurements in
real-world environments. Thus, MRI can only be used to assess changes in brain activity before
and after exposure to natural or urban settings. To our knowledge, MRI methodology examining
causal effects between an exposure to nature and brain outcomes has been applied in only one
study so far, to investigate neural correlates of rumination. Bratman and colleagues (2015)
conducted an fMRI intervention study in which participants went to a 90-minute walk in an
urban versus a natural environment. Self-reported rumination level and neural activation
measured before and after the walk revealed a decrease in negative thoughts after the nature
walk and decreased activation of the subgenual prefrontal cortex (sgPFC), related to self-
focused behavioural withdrawal, linked to rumination in depressed and healthy individuals. The
authors suggest that the decrease in rumination, linked to sgPFC activity, may be one of the
neural mechanisms by which exposure to nature positively impacts mental health.

In summary, neuroscientific studies have repeatedly shown associations between
natural and urban environments and both brain structure and brain function. Nevertheless, the
intervention studies necessary to establish a causal relationship between the physical
environment and brain function and structure are scarce. Furthermore, the impact of
interindividual differences in the relationship between the physical environment and mental
health and the brain remains unexplored. The following section will provide an overview of the
literature on how natural and urban environments impact individuals differently based on

factors such as gender and age.

1.6 Interindividual differences in responses to natural and urban

environments

This section focuses on the role of interindividual differences in shaping responses to natural
and urban environments. It examines how factors like sex and age may influence individual

responses to these environments.
1.6.1 Sex differences in responses to natural and urban environments

Several studies have shown that women might profit more from salutogenic effects of nature

compared to men (Fernandez Nufiez et al., 2022). For instance, it has been shown that a reduced
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risk for poor mental health was related to neighbourhood green space characteristics (e.g.,
spacious, serene). While this finding showed a trend in men, it was statistically significant only
in women (Annerstedt et al., 2012). A similar pattern emerged in a study linking residential
green space with stress levels (Bos et al., 2016). Furthermore, a study with data from more than
94 000 participants showed that green environments had a protective effect on depression,
which was more pronounced in women (Sarkar et al., 2018). An intervention study in which
participants were sitting in a natural or an urban environment for 20 minutes showed that the
exposure to nature had a higher stress-relieving effect on women than on men (Beil & Hanes,
2013). Furthermore, greater benefits of green spaces for women are also reflected in
physiological markers of stress. Thus, women living in neighbourhoods with more green areas
showed lower cortisol levels, whereas this was not case for men (Roe etal., 2013). Additionally,
research in children showed that girls tend to favor nature-related activities compared to boys
and that green area coverage was positively linked with reduced stress-related disorders in girls
(Engemann et al., 2019).

To our knowledge, only one study explored sex differences in the relationship between
the physical environment and brain health so far. The study revealed a negative association
between brain gray matter volume and growing up in an urban environment only in men, but
not in women (Haddad et al., 2015). Specifically, the longer men spent their childhood years in
a big city, the lower their gray matter volume was in the pACC, whereas this was not case for
women. Given that functional and structural changes in the pACC have been linked to
schizophrenia (Radua et al., 2012) and men raised in cities have a heightened risk for
developing this mental disorder (Aleman et al., 2003), the authors suggest that this neural
mechanism could be related with upbringing in a city, increasing the risk for developing
schizophrenia in men brought up in an urban environment. The factors responsible for driving
sex differences in responses to natural and urban environments are not yet clear, and research
on their effects on the brain is limited. Therefore, sex differences in the effects of nature and
urban environments on brain function are yet to be investigated. The subsequent section
presents a review of the literature that focuses on another interindividual difference: age. It

summarises research on how natural and urban environments affect children.
1.6.2 Effects of natural and urban environments on children

Numerous studies have confirmed the beneficial impact of nature on mental health in adults
(Barnes et al., 2019; Corazon et al., 2019; Kotera et al., 2022). However, the evidence
concerning effects of exposure to natural and urban environments on children is scarce. Recent

research has started to fill this gap, revealing significant associations between nature exposure
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in childhood and various health outcomes. Thus, it has been shown that children who frequently
interact with nature tend to exhibit increased physical activity and a reduced risk of obesity
(Islam et al., 2020). Furthermore, more green space in neighbourhoods of children up to 2 years
old has been linked to improved neurodevelopment in early childhood (Liao et al., 2019).
Additionally, access to such green spaces up to the age of 10 years has been shown to be
associated with a reduced risk of developing mental disorders later in life (Engemann et al.,
2019). Conversely, housing density of urban environments was linked to increased
physiological stress in 12-month-old infants, highlighting the potential stress-inducing effects
of urban settings (Wass et al., 2021).

Interestingly, the exposure of expectant mothers to natural environments has been
linked to a positive health outcome of infants even before birth. Thus, pregnant women living
in areas with abundant green space exhibited lower cortisol concentration in the umbilical cord,
suggesting a less stressful intrauterine environment (Boll et al., 2020). Additionally, maternal
contact with nature during pregnancy has been shown to correlate with higher infant birth
weights and a reduced risk of preterm births (Islam et al., 2020). Infants are affected by their
physical environment both directly and indirectly through their primary caregivers. Stressed
mothers often have higher cortisol levels in their breastmilk (Tekgiindiiz et al., 2023), which
can negatively influence infant’s temperament (Glynn et al., 2007; Grey et al., 2013; Nolvi et
al., 2018). These findings suggest that environmental stress can be communicated to infants via
breast milk cortisol, shaping their emotions.

In summary, some research suggests that women might derive greater benefits from
nature’s positive influence on mental health compared to men. However, this relationship has
not been conclusively established and the underlying reasons remain unclear. Despite the
limited research on the impact of natural and urban environments on children, existing studies
indicate that children living near nature tend to have better health, whereas those who live in a
highly urban environment show increased stress. Nonetheless, the existing literature on the
potential positive effects of nature in infants is currently sparse, and underlying mechanisms
remain unclear. Moreover, causality cannot be established due to the cross-sectional design of
these studies. In the following chapter I will recapitulate the findings reported above, discuss

the existing gaps in the literature, and define the research questions for this dissertation.
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In our rapidly urbanizing world, urban living is increasingly linked to a higher likelihood of
developing mental disorders, while nature is consistently found to benefit mental health
(Furuyashiki et al., 2019; Kotera et al., 2022; Lopes et al., 2020; Peen et al., 2010; Pignon et
al., 2023). Research indicates that exposure to natural environments enhances mood and
reduces stress, including its physiological markers (Antonelli et al., 2019; Barnes et al., 2019;
Chang et al., 2019; Corazon et al., 2019; M. M. Hansen et al., 2017; Kondo et al., 2018; Kotera
et al., 2022; McMahan & Estes, 2015; Oh et al., 2017). Nevertheless, the neural underpinnings
of these effects are yet to be understood. Research has demonstrated a relationship between
features of the physical environment, such as population density or residential greenery, and
brain functional and structural health metrics (Besser et al., 2021; Crous-Bou et al., 2020;
Kriamer et al., 2017; Kiihn et al., 2017, 2020, 2021; Lederbogen et al., 2011; Tost et al., 2019).
For example, rural residents have been shown to exhibit reduced stress-related amygdala
activity during social stress tasks compared to urban dwellers (Lederbogen et al., 2011), and
adolescents raised in rural settings exhibited greater left hippocampal volume than their urban
counterparts (Kiihn et al., 2020). However, due to the cross-sectional nature of these studies,
the directionality and causality of these relationships remains unclear.

In order to establish the causal relationship between the natural and urban environments
and the brain, intervention studies are essential (Bratman et al., 2019; Tost et al., 2015). To
identify specific brain regions activated by natural and urban settings, several studies have
investigated brain activity while participants viewed photos of these environments (T.-H. Kim
et al,, 2010; Tang et al., 2017). Nevertheless, the ecological validity of these studies is
questionable, as it is debatable whether viewing two-dimensional images can truly replicate the
multi-sensory experience of presence in a real-life environment. Moreover, interpretability of
these studies is limited due to an increased risk of reverse inference (Poldrack, 2006). Therefore,
it has been suggested that interventional approaches may provide a solution to overcome these
shortcomings (Roberts & Christopoulos, 2018). Previous EEG studies have attempted to
investigate the neural effects of natural and urban environments in situ (Chen et al., 2016;
Elsadek et al., 2020). However, it is important to note that EEG primarily captures cortical
surface neural activity, which has limited spatial resolution and restricted capability for

measuring activity in deeper brain structures, including the limbic system, associated with
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emotion processing. To assess deeper brain structures, MRI is commonly employed, but its
immobility restricts real-time measurements in situ. Therefore, MRI can be utilised in
intervention studies to measure brain activity before and after exposure to natural or urban
settings.

To the best of our knowledge, only one study so far has employed an interventional
method using an fMRI paradigm (Bratman et al., 2015). This study investigated the causal
relationship between a walk in a natural versus an urban environment and brain function. The
study found that both rumination and activity in the sgPFC, which is associated with
rumination, decreased following the nature walk compared to the walk in an urban setting. This
suggests that nature may positively impact mental health by reducing rumination-related brain
activity. Nevertheless, it has been suggested that social stress, more prevalent in urban
environments, may be an important factor contributing to development of mental disorders in
cities (Lederbogen et al., 2013; Pignon et al., 2023). Conversely, ample empirical evidence
shows that in situ exposure to nature, as opposed to urban settings, reduces subjective and
physiological markers of stress (Kondo et al., 2018; Kotera et al., 2022; Lopes et al., 2020; Oh
et al., 2017). However, the specific neural processes behind the impact of natural and urban
environments on stress are not yet understood. Additionally, while there are indications that
interindividual differences, such as sex, may have a role in the interplay between natural and
urban environments and mental health (Annerstedt et al., 2012; Fernandez Nuiiez et al., 2022;
Roe et al., 2013; Sarkar et al., 2018), the role of these differences in stress-related brain function
in response to these environments remains to be investigated.

Moreover, despite numerous studies linking environmental factors to brain structure
(Besser et al., 2021; Crous-Bou et al., 2020; Kiihn et al., 2017, 2021), our understanding of the
causal relationship between the physical environment and brain structure remains limited.
Notably, in examining the link between the physical environment and mental and brain health,
psychiatric research has typically highlighted the detrimental aspects of urban environments
(Haddad et al., 2015; Lederbogen et al., 2011), whereas environmental psychology has focused
more on beneficial effects of natural environments (Bratman et al., 2015; Grassini et al., 2019,
2022; Kiihn et al., 2017, 2021). Therefore, it remains uncertain whether the potential differential
effects of natural and urban environments are driven by the negative aspects of urban settings
or the positive influences of nature (Pignon et al., 2023; Tost et al., 2015).

Another important aspect often underexplored in studying effects of the physical
environment and mental health is the lifespan. It is not yet clear which age groups would profit

from short-term exposures to nature and when during their life span individuals start to be
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affected by natural and urban environments. Previous research indicates that natural
environments correlate with positive health outcomes in children (Engemann et al., 2019; Liao
et al., 2019). However, there is still a lack of research on the potential benefits of nature on
infants, and the underlying processes remain unclear. Additionally, existing research on
children, being cross-sectional, cannot establish causality between the physical environment
and the outcomes. The impact of parents within the close social context of children, especially
infants, should be considered when examining environmental effects on them. Finally, while
previous research has primarily focused on the effects of predetermined routes in natural and
urban settings on subjective and objective stress indicators (Gidlow, Jones, et al., 2016;
Grazuleviciene et al., 2016; Triguero-Mas et al., 2017; Tyrviinen et al., 2014), the evidence
about the effects of residential, everyday natural and urban settings are still not sufficiently

explored.

Based on this theoretical background, this dissertation aims to answer the following research
questions:

Research question 1: In what ways does exposure to natural versus urban environments affect
stress-related brain function and hippocampal structure?

Research question 2: Do differential effects of these environments stem more from the positive
impacts of nature or the negative influences of urban environments?

Research question 3: Do natural and urban environments have distinct effects on stress-related
brain activity in men and women?

Research question 4: Can the effects of exposure to residential natural versus urban
environments be detected in infants, and are these effects also reflected in stress indicators of

their mothers?

The following section summarises four individual papers that aim to examine short-term effects
of exposure to natural versus urban environments on stress indicators, and brain function and
structure from several angles. In Paper I (Sudimac et al., 2022), we demonstrate short-term
causal effects of a one-hour walk in a natural versus an urban environment on stress-related
amygdala activity, which decreased after the walk in nature, and remains unchanged after the
walk in the urban environment. In Paper 11 (Sudimac & Kiihn, 2022), we examined sex
differences and found that this effect was more prominent in a female subsample. In the third
paper (Sudimac & Kiihn, 2024), we observed a an increased volume in the subiculum, a
hippocampal subfield, following a walk in nature, but not after a urban walk (though the

interaction did not withstand Bonferroni correction). In the fourth paper (Sudimac et al., 2024),
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2 Research questions

we investigated effects of a walk in natural versus urban residential environments on
behavioural and physiological indicators of stress in mothers and their infants, observing no
significant difference in outcomes between these environments. The original papers are in the

appendix of this dissertation.
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3 Overview of papers

3.1 Paper I

Sudimac, S., Sale, V., & Kiihn, S. (2022). How nature nurtures: Amygdala activity
decreases as the result of a one-hour walk in nature. Molecular Psychiatry, 27(11), 4446—

4452. https://doi.org/10.1038/541380-022-01720-6

Objective: In Paper I, we aimed to understand the short-term effects of a one-hour exposure

to natural versus urban environment on stress-related brain activity.

Theoretical background: Urban living is linked to a higher risk of mental disorders, such as
anxiety and depression (Peen et al., 2010; Pignon et al., 2023; Purtle et al., 2019). Conversely,
it has been demonstrated that natural environments can positively affect mental health (Barnes
et al., 2019; Kondo et al., 2018; Oh et al., 2017). However, the neural underpinnings of these
effects are not well understood. In a seminal study, urban residents displayed heightened
amygdala activity during a social stress task compared to rural residents, suggesting potential
adverse effects of city living on stress-related brain activity (Lederbogen et al., 2011).
Nevertheless, since this study is cross-sectional, it lacks the capacity to establish a cause-and-
effect relationship. To the best of our knowledge, only one study has examined causal
relationship between the physical environment and brain function, demonstrating that exposure
to nature reduced sgPFC activity, which is linked to rumination (Bratman et al., 2015).
However, no study has yet examined the causal effects of exposure to natural and urban
environments on activity in stress-related brain regions. To address this gap, we conducted an
intervention study using fMRI to explore effects of a one-hour walk in a natural versus an urban

environment on stress-related brain activity.

Main findings: We observed that amygdala activity significantly decreased after a walk in a
nature, whereas it remained stable after a walk in an urban environment. This suggests that
exposure to nature may beneficially affect stress-related brain regions, potentially serving as a
preventive strategy against stress-related mental health issues like anxiety and depression.
These findings contribute to the development of evidence-based policies for green prescriptions
and urban planning that prioritise the integration of natural elements into cities, with the goal

of improving mental and brain health.
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3 Overview of papers

3.2 Paper 11

Sudimac, S., & Kiihn, S. (2022). A one-hour walk in nature reduces amygdala activity in

women, but not in men. Frontiers in Psychology, 13, 1-13.

https://doi.org/10.3389/fpsye.2022.931905

Objective: Paper Il aimed to explore the impact of sex on the changes in stress-related

amygdala activity following a one-hour walk in a natural versus an urban environment.

Theoretical background: While substantial evidence indicates that nature positively
influences mental health aspects such as mood and stress (Barnes et al., 2019; Kondo et al.,
2018; Oh et al., 2017), the impact of individual differences (e.g., sex) has not been thoroughly
studied. Previous research showed that the positive association between residential green spaces
and mental health was more pronounced in women (Annerstedt et al., 2012; Bos et al., 2016;
Sarkar et al., 2018), and found that only women showed lower cortisol levels in greener living
environments (Roe et al., 2013). Furthermore, a 20 minutes of exposure to nature had more
pronounced stress-relieving effects on women compared to men (Beil & Hanes, 2013).
However, the neural mechanisms behind these sex-specific differences have not yet been
explored. Paper I revealed that amygdala activity decreased after a one-hour walk in a natural
environment but remained the same after an urban walk. Expanding on these findings, Paper
11 explores how this effect varies between women and men, to deepen the understanding of the
role of sex in the observed effects of natural versus urban environments on stress-related brain

activity.

Main findings: Our research revealed that a one-hour walk in a natural environment
significantly reduced amygdala activity in women, but not in men. In contrast, walks in urban
environments did not elicit this effect. These neural responses align with previous studies,
suggesting that women might derive greater benefits from salutogenic effects of nature. To our
knowledge, Paper 11 is the first to identify sex differences in the impact of natural versus urban
environments on brain function. These findings underscore the importance of considering sex
but also other interindividual differences when examining the effects of environmental factors
on stress and brain function. They have implications for evidence-based urban design policies,
emphasising the need to account for individual differences when planning green spaces in urban

arcas.
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3.3 Paper 111

Sudimac, S., & Kiihn, S. (2024). Can a nature walk change your brain? Investigating
hippocampal brain plasticity after one hour in a forest. PsyArXiv.
https://doi.org/10.31234/osf.i0/g64bq [Manuscript under revision]

Objective: In Paper III the aim was to explore the causal relationship between a one-hour
exposure to a natural versus an urban environment and structural brain changes, specifically

changes in hippocampal formation.

Theoretical background: Previous research has shown an association between the physical
environment and brain structure such as cortical thickness or gray matter volume (Besser et al.,
2021; Crous-Bou et al., 2020; Kiihn et al., 2017, 2021). Adolescents who grew up in rural
environments were reported to have a larger left hippocampal formation compared to those
raised in cities (Kiihn et al., 2020). Nevertheless, the effects of short-term exposure to natural
and urban environments on brain structure have not yet been investigated. Even though it is
assumed that brain structure is rather stable, previous studies have shown rapid change in brain
structure, occurring after hours or only several minutes following an intervention (Ménsson et
al., 2020; Taubert et al., 2016; Tost et al., 2010). Given the plasticity of the hippocampus (Sagi
et al.,, 2012) and its association with rural and urban upbringing (Kiihn et al., 2020), we

examined the effects of a one-hour walk on hippocampal structure in Paper I11.

Main findings: The study found that participants who took a one-hour walk in nature showed
an increase in subiculum volume, a hippocampal subfield involved in stress response inhibition,
whereas no change was observed in participants who walked in an urban environment. In line
with Paper I, these results suggest beneficial effects of exposure to nature as opposed to
negative effects of urban environments. Additionally, the increase in subiculum volume was
negatively associated with changes in rumination after the nature walk. It is important to note
that the environment-by-time interaction did not persist after Bonferroni correction for multiple
comparisons, necessitating cautious interpretation of these results as well as the need for further
investigation. Nevertheless, we hold the results to be important, since this is, to the best of our
knowledge, the first study to examine the causal effects of natural and urban environments on
brain structure. These findings suggest that short-term exposure to nature can induce

measurable changes in hippocampal structure, potentially offering mental health benefits.
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3 Overview of papers

3.4 Paper IV

Sudimac, S., Drewelies, J., De Weerth C.* & Kiihn, S.* (2024). Effects of a walk in a
residential natural vs. urban environment on objective and subjective stress indicators in

mothers and their infants. PsyArXiv. https://doi.org/10.31234/0sf.io/pz83m

[Manuscript under revision]

* These authors share last authorship.

Objective: Paper IV sought to assess the impact of a walk in residential natural versus urban
environments on stress levels in mothers and their infants. This study focused on both subjective
and physiological stress indicators, including maternal self-reported stress levels, salivary

cortisol in mothers and infants, and cortisol levels in mothers’ breast milk.

Theoretical background: Research indicates that exposure to natural settings positively
affects both subjective and physiological stress markers (Antonelli et al., 2019; Kondo et al.,
2018). However, these studies predominantly focus on adults, leaving a gap in understanding
the response of young children and infants to natural and urban settings. Previous research
indicates that greater green space in children’s neighbourhoods is associated with enhanced
neurodevelopmental and mental health (Engemann et al., 2019; Liao et al., 2019). Nevertheless,
the causal effects of natural versus urban environments on children remain unclear due to the
cross-sectional nature of existing studies. Furthermore, to the best of our knowledge, the impact
of natural and urban environments on infants has not been investigated. Acknowledging the
close social bond between infants and their parents, this study employs an intervention design
to explore potential variations in stress levels in mothers and their infant during walks in natural
versus urban environments. Moreover, since it has been indicated that cortisol levels in maternal
breast milk can affect infant stress (Glynn et al., 2007; Grey et al., 2013; Nolvi et al., 2018), we
also aimed to examine whether effects of natural and urban environments on mothers can be
observed in their breastmilk. Additionally, to enhance the ecological validity of the results, we
aimed to explore the effects of residential natural and urban environments that were familiar to
the participants. This approach was intended to ensure that the findings were more
representative of everyday experiences and environments typically encountered by the study

participants. This study, therefore, examined the short-term effects of walking in residential
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natural versus urban environments on both subjective and physiological stress measures in

mothers and their infants.

Main findings: The study found no significant differences between exposure to residential
natural and urban environments in affecting subjective maternal stress and physiological stress
indicators in mothers and their infants. A decrease in cortisol concentrations was observed in
both mothers and infants after walks in both natural and urban environments, suggesting that
walking itself may have decreased physiological indicators of stress. However, it is as well
plausible that the decrease in cortisol concentrations reflects daily cortisol fluctuations.
Furthermore, mothers reported decreased stress levels following walks in both environments,
alongside increased feelings of pleasantness and calmness. Additional exploratory results
revealed a continued decrease in maternal salivary cortisol concentrations at least until one hour
upon arriving from the nature walk, a pattern not observed after the urban walk. This points to
the stress-relieving effects of natural environments in mothers, potentially manifesting with
some delay. These findings highlight the complex role of environmental exposure in stress
modulation, informing urban design policies to enhance well-being of residents, especially

mothers and young children.
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4 General discussion

This dissertation explores the short-term effects of an exposure to natural versus urban
environments on behavioural and physiological stress indicators, stress-related brain function,
and hippocampal structure. I approached this question through a series of four papers. Paper I
demonstrated that stress-related amygdala activity decreased after a one-hour walk in nature,
whereas it remained unchanged after a walk in an urban environment. In Paper 11, we examined
subsamples of women and men and observed that amygdala activity decreased after a walk in
nature exclusively in women, with no reduction found in men. In Paper III, we explored the
effects of a one-hour walk in a natural versus an urban environment on the hippocampal
formation. We observed an increase in the volume of the subiculum, a hippocampal subfield,
following the walk in nature, whereas the subiculum volume remained stable after walking in
an urban environmnet (though the interaction did not withstand the Bonferroni correction). In
Paper IV, our investigation focused on the impact of walking in residential natural versus urban
environments on mothers and their infants. We found no significant difference between these
environments on behavioural and physiological indicators of stress in mothers and their infants.

In the sections that follow, I will provide a comprehensive summary of the key findings
of this dissertation. Firstly, I will discuss how the findings of this thesis asnwer the posed
research questions and address how they relate to the theoretical accounts. Secondly, I will
explore potential implications of the evidence presented in this thesis for health and urban
design policy-making. Finally, I will address the primary limitations of this research and

suggest possible directions for future studies.

4.1 Discussion of research questions

This dissertation sought to investigate the short-term effects of exposure to natural versus urban
environments on stress, stress-related brain function, and hippocampal structure, with a specific

focus on the research questions presented in Chapter 2.

4.2.1 Effects on stress-related brain function and hippocampal structure

To explore the causal relationship between the physical environment and stress-related brain
function and hippocampal structure, we performed an intervention study using MRI (Papers 1
— III). Since previous studies reported diminished stress-related amygdala activity in rural

compared to urban dwellers (Lederbogen et al., 2011), and a larger left hippocampal formation
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4 General discussion

in participants raised in rural environments (Kiihn et al., 2020), we examined how exposure to
natural versus urban environments affects stress-related brain function and hippocampal
structure (Research question 1). In Paper I, we discovered that stress-related amygdala activity
decreased after a walk in nature, whereas it remained unchanged after a walk in an urban
environment. These findings imply that only one hour of exposure to nature can be beneficial
for the amygdala, a stress-related brain region. No significant interaction between time and
environment was detected in anterior cingulate cortex (ACC) and dIPFC activity, indicating
that the amygdala could be the primary stress-related brain region affected by exposure to
nature. Furthermore, participants reported greater attention restoration and higher enjoyment
levels after walking in nature than in an urban environment, aligning with the ART and
supporting the findings related to stress-related brain function. Additionally, we introduced an
fMRI paradigm that enables the examination of short-term effects of exposure to natural and
urban environments in situ on stress-related brain function. To the best of our knowledge, this
is the first study to demonstrate the causal effects of exposure to the physical environment on a
stress-related brain region. These results align more with the breeder hypothesis, which
suggests that environmental features influence brain and mental health, rather than the drift
hypothesis, which posits that individuals with specific neurological or health traits choose to
live in certain environments. Nonetheless, further studies are needed to assess the long-term
persistence of the beneficial effect of nature on amygdala activity.

Interestingly, the positive impact of nature exposure on amygdala activity was localised
to the right amygdala, which is consistent with a prior study indicating that lower amygdala
activity during social stress in rural dwellers, compared to urban dwellers, was predominantly
driven by the right amygdala (Lederbogen et al., 2011). Notably, activity in the right amygdala
has been shown to be heightened during the processing of negative emotions in patients with
schizophrenia (Pankow et al., 2013). Furthermore, a meta-analysis demonstrated that social
environmental stress, such as childhood trauma or early life stress was associated with activity
in several brain regions, with activity in the right amygdala being the most robust finding across
a range of populations (Mothersill & Donohoe, 2016). Considering the findings from Paper [
alongside prior research, right amygdala activity may be associated with social stress,
particularly prevalent in urban settings.

The higher incidence of mental disorders in urban areas (Peen et al., 2010; Pignon et
al., 2023; Purtle et al., 2019) may be partly attributed to social stress factors, such as the loss of
a social group upon moving to a city or social isolation (Lederbogen et al., 2013; Pignon et al.,

2023). Given that social stress tends to be more pronounced in urban environments, it is possible
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that urban residents experiencing elevated social stress levels may demonstrate heightened
amygdala hyperexcitability. In research on rodents, it has been demonstrated that chronic stress
causes amygdala hyperexcitability and alters amygdala function and structure (Roozendaal et
al., 2009; Rosenkranz et al., 2010). Conversely, human studies indicated that social stress, such
as being adopted at older ages, can alter amygdala volume (Tottenham et al., 2010), while urban
residents have been found to have higher amygdala activity during social stress tasks compared
to rural inhabitants (Lederbogen et al., 2011). Furthermore, a certain type of social stress, long-
lasting social isolation, has been associated with an increased risk of depression and anxiety
(House, 2001) —mental health issues that are more prevalent in cities (Peen et al., 2010; Pignon
et al., 2023; Purtle et al., 2019) and linked with amygdala hyperactivity (Sehlmeyer et al., 2011;
Siegle et al., 2007; Yang et al., 2010). Additionally, a systematic review highlighted that social
fragmentation, a form of social stress characterised by weakened connections between
individuals and society, is linked to increased psychosis rates, even after adjusting for various
socio-economic factors (Ku et al., 2021). Moreover, it was suggested that urban upbringing is
a key environmental factor in schizophrenia development, a psychotic disorder which is linked
to alterations in the amygdala (Lawrie et al., 2003; Wright et al., 2002). Therefore, the results
in Paper I suggest that contact with nature and a resultant reduction in amygdala engagement
may buffer the negative impact of the city such as social stress, and serve as a preventive
measure against developing symptoms of a mental disorder. With the rapid growth of
urbanisation, the influence of urban environments on mental health is set to become even more
significant in the following years (Krabbendam, 2005). This underscores the vital importance
of urban planning in the development of both present and future cities. It is essential to integrate
accessible green spaces within urban areas to improve the mental well-being of residents,
highlighting how urban design can actively contribute to public mental health.

Interestingly, the observation that a consistent pattern of amygdala activity was noted
after exposure to the natural environment in both the Fearful Faces Task (FFT) and the Montreal
Imaging Stress Task (MIST), as well as during the viewing of neutral faces in the FFT, suggests
that a one-hour walk in nature might globally benefit amygdala activity. This may imply that
the nature walk increased the amygdala’s threshold for activation, regardless of the specific
task or stimuli. Therefore, we speculate that this short-term effect may reveal the mechanism
behind the long-term effects of the physical environment on stress-related brain regions. The
decrease in amygdala activity after of short-term exposure to nature might offer a mechanism
explaining diminished amygdala activity during stress found in rural dwellers (Lederbogen et

al., 2011). These beneficial short-term effects of nature on the amygdala could contribute to
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maintaining higher structural integrity of the amygdala observed in older individuals who live
in areas with high forest coverage (Kiihn et al., 2017). It is plausible that repeated exposure to
nature may positively impact the amygdala by raising its activation threshold, resulting in
reduced activity during stress and improved amygdala integrity in those residing near natural
settings. Furthermore, such repeated exposures could lessen amygdala hyperactivation, which
has been associated with trait anxiety (Sehlmeyer et al., 2011) and depression (Siegle et al.,
2007; Yang et al., 2010). This may explain why proximity to green spaces has been shown to
correlate with a lower risk of depression (Cohen-Cline et al., 2015; Gascon et al., 2015; Sarkar
et al., 2018). Therefore, frequent interactions with nature by potentially reducing amygdala
hyperactivation, could serve as a protective factor against the development of depressive
symptoms. Nevertheless, additional longitudinal research is required to investigate the effects
of exposure to the physical environment on different timeframes, as well as to better understand
the connection between short-term effects and long-term changes in the brain.

In Paper 111, we investigated the effects of a one-hour walk in a natural versus an urban
environment on potential structural changes in the hippocampus, a brain region known to be
associated with the environment of upbringing (Kiihn et al., 2020) and for its high plasticity
(Sagi et al., 2012). We found that the volume of the subiculum, a subfield of the hippocampus,
increased after the walk in nature, while remaining unchanged after the urban walk. This finding
challenges the perception of brain structure as a stable trait; however, growing evidence
suggests that alterations in brain structure can occur within a span of hours or minutes (Karch
et al., 2019; Kiihn et al., 2022; Ménsson et al., 2020; Sagi et al., 2012; Taubert et al., 2016; Tost
et al., 2010). The subiculum plays a role in memory and spatial orientation (Keresztes et al.,
2022; O’Mara, 2005). It 1s also involved in suppressing the stress-related hypothalamic—
pituitary—adrenal (HPA) axis (O’Mara, 2005) and controlling anxiety (Mcnaughton, 2006).
Therefore, this finding indicates that exposure to nature positively impacts a brain region
involved in inhibiting stress response, aligning with the results from Paper 1. Nevertheless, it
is important to note that the interaction between environment and time did not persist after
Bonferroni correction for multiple comparisons, which calls for a cautious interpretation of the
results. Additionally, the observed increase in subiculum volume following nature walks
correlated with reduced self-reported rumination. This is consistent with previous research
showing decreased subiculum volume in patients with major depressive disorder, a condition
marked by chronic stress and rumination (Harel et al., 2016). Thus, the results from Paper I

and Paper III suggest that a one-hour walk in a natural compared to an urban environment
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differentially affects stress-related brain function and structure in a hippocampal subfield,

linked to HPA inhibition.
4.2.2 Beneficial effects of natural environments

It has been discussed whether the association between the physical environment and brain
measures was driven by positive effects of nature or negative effects of cities (Pignon et al.,
2023; Tost et al., 2015). However, the predominantly cross-sectional nature of previous studies
(Besser et al., 2021; Crous-Bou et al., 2020; Kramer et al., 2017; Kiihn et al., 2017, 2020;
Lederbogen et al., 2011; Tost et al., 2019) has limited their ability to address this issue.
Therefore, in our research, we sought to determine whether differential effects of natural versus
urban settings in Papers I and /1] were driven by beneficial impacts of natural environments or
the adverse influences of urban settings (Research question 2). In Papers I and III we found
that the interaction between environment and time in stress-related brain function and
hippocampal structure was driven by a change during the walk in nature, whereas no change
was observed after a walk in an urban environment. The observation of short-term changes
suggests that nature contributed to stress recovery, yet we observe no evidence to indicate that
exposure to urban environments adversely affects stress-related brain function and hippocampal
structure. This aligns with the previous intervention study (Bratman et al., 2015) that also noted
decreased sgPFC activity following a nature walk and no change after an urban walk. This is
also in line with a cross-sectional study that found a positive correlation between urban greenery
and increased gray matter volume in the pACC/sACC, indicating that urban greenery can have
a positive impact on brain structure, which goes beyond the negative effects of city living.

The findings in Paper I and Paper I1I indicate that nature’s health-promoting elements,
like greenery and birdsong, extend beyond the mere absence of adverse urban features like air
pollution and traffic noise. This may imply that the lack of green spaces in cities, rather than
their detrimental effects, might more directly relate to the observed mental health decline in
urban areas. These results have an important implication for urban design policies, as they
underline that the presence of green spaces in cities may be essential for brain health. It is
important to acknowledge that participants in the study conducted for Paper I and Paper 111
lived in an urban environment, probably similar to the urban environment they were exposed
to during the urban walk. Thus, this familiarity might explain why amygdala activity and
subiculum volume remained stable in participants exposed to the urban environment. Therefore,
while the results show that the exposure to an urban environment did not further increase
amygdala activity or further decrease subiculum volume, we cannot rule out the possibility that

these effects are influenced by the participants’ familiarity with the urban environment.
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Conversely, it is possible that the nature path’s novelty might affect stress-related brain function
and hippocampal structure. Ideally, this issue could be addressed by introducing a control
condition in a setting that is neither natural nor urban; however, identifying such a setting
presents a challenge. A possible option could be walking on a treadmill in a plain white room.
However, this setup could appear artificial and monotonous, making it nor fully comparable to
the natural and urban walk. Therefore, future research should examine the effects of an
unfamiliar urban environment and more urbanised than participants’ everyday surroundings
(with more traffic lanes, fewer trees etc.). Furthermore, future studies should consider
examining the effects of natural and urban environments on participants who live in less
urbanised areas such as towns. These approaches would level the familiarity with both nature
and urban routes, making the interventions (walks) in both settings more comparable. In
conclusion, since the categories of natural and urban are subjective and differ across different
environments, cultures and individuals, further research is needed. This research should assess
the effects of natural and urban environments on individuals from varied backgrounds to discern
whether the relationship between the physical environment and the brain is driven by the

positive effects of nature, the negative effects of urban settings, or a combination of both.
4.2.3 Sex-related differences

Since the role of the interindividual differences in neural effects of the physical environment
remains unclear, our research aimed to investigate sex differences in the impact of a one-hour
walk on amygdala activity (Research question 3). In Paper II, we found that amygdala activity
decreased following the nature walk specifically in the female participants, but not in the male
subgroup. This suggests that the health-promoting effects of nature on stress-related brain
activity may be more pronounced in women. These results are consistent with prior studies that
found that green residential environments were linked to a lower risk of developing mental
disorders primarily in women (Annerstedt et al., 2012; Sarkar et al., 2018), and that more
residential green spaces correlated with lower cortisol levels, again only in women (Roe et al.,
2013). This is further supported by a recent review suggesting that the beneficial effects of
nature might be more significant in women (Fernandez Nuiez et al., 2022). However, it is
important to note that these earlier studies are cross-sectional and, as such, cannot establish
causal relationships. In Paper II, to the best of our knowledge, we report a seminal finding
demonstrating interindividual differences in the causal relationship between the physical
environment and brain function. This marks an important step forward in understanding how

environmental factors affect brain activity differently across sexes.
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The reason behind potentially more prominent salutogenic effects of nature in women
is not clear. Previous findings proposed that one factor may be a stronger connection to nature
among women compared to men (Dean et al., 2018; Rosa et al., 2023). Additionally, it ha sbeen
reported that women demonstrate a greater inclination towards eco-friendly consumer
behaviours, such as showing a positive intention to buy green products and purchasing them
more frequently (Zhao et al., 2021). Additionally, it remains uncertain whether the
interindividual differences reported in Paper Il reflect sex or gender differences, that is, whether
they are related to biological factors affecting neural activity or social factors, namely learned
patterns such as learned perceptions of nature that vary between genders, or the interplay of
biological and social factors. Thus, following this initial examination of sex differences in the
impact of natural and urban environments on brain activity, further research is necessary to
validate these findings and clarify the underlying causes of these disparities. Understanding the
varied effects of natural and urban environments on different sexes and genders is essential for
the effective integration of these insights into health-related and urban planning related policy-

making.
4.2.4 Effects on stress mothers and their infants

An underexplored aspect in the research on the effects of the physical environment effects on
mental health is its developmental aspect. Moreover, while most prior research focused on
predefined routes in natural and urban environments, its influence on everyday mood and stress
remains underinvestigated. Therefore, Paper IV examines the causal relationship between
exposure to residential natural versus urban environments and both objective and subjective
stress indicators in mothers and their infants (Research question 4).

Contrary to our expectations, no significant difference was found in stress indicators
between natural and urban walks. Nevertheless, both maternal and infant cortisol levels
decreased after the walk, suggesting that walking itself, irrespective of the environment, may
have reduced cortisol. It cannot be excluded, however, that this decrease was simply a reflection
of the natural diurnal fluctuations of cortisol. Our results support previous findings that also did
not observe cortisol reduction after exposure to natural versus urban environments (Gidlow,
Jones, et al., 2016; Tyrviinen et al., 2014; Veitch et al., 2022). Moreover, a systematic review
(Kondo et al., 2018) indicates there is no conclusive evidence on urban green spaces in reducing
cortisol levels. Notably, previous studies showing cortisol reduction often involved longer
immersions in more remote forest environments (Antonelli et al., 2019), whereas in our study
the exposure was shorter and took place in the participants’ neighbourhoods. This suggests that

longer exposure or more remote natural areas are necessary to provide a salutogenic effect of
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nature, or that the familiarity of an everyday residential environment may have diminished
beneficial effects of nature. Furthermore, in Paper I, a walk in a remote natural setting showed
a beneficial effect on amygdala activity, suggesting that exposure to distant natural areas with
more natural features such as a forest may be key for stress relief.

The diversity of residential routes within natural and urban environments in Paper IV
differs significantly from previous studies that often used more controlled paths. As a result,
the extent to which an environment needs to consist of urban or natural features to influence
subjective and objective stress indicators remains uncertain. In Paper I, we observed the effect
of an urban forest outside the city on amygdala activity, but it is still unclear whether urban
green spaces within a city can reduce objective stress markers.

Additional exploratory findings showed that in mothers cortisol concentrations
continued to decrease until at least one hour following the walk in a natural environment,
whereas such a decrease was not observed after the urban walk. This indicates that exposure to
nature may have had stress relieving effects for mothers, but at a later timepoint. Nevertheless,
additional research is required to replicate these results and to ascertain the duration of nature’s
potential beneficial effects on physiological indicators of stress.

Paper 1V is also notable, as, to our knowledge, it is the first study to examine effects of
exposure to natural versus urban environments in a holistic setting that include mothers and
their infants. However, mothers’ caregiving role may have impacted maternal stress levels
during the walks and might have altered behavioural and physiological indicators of stress,
potentially overshadowing the environmental effects. Additionally, the mothers’ autonomous
data collection might also have affected stress levels. On the other hand, the absence of the
expected effect in infants may be attributed to very early age, therefore we recommend future
research to examine whether short-term exposure to natural and urban environments affect
children of older ages. Future research should consider these factors and extend investigations
to other caregiver-child dyads, exploring optimal walk durations and frequencies of visiting

nature for stress reduction.
4.2.5 Perspective on theoretical accounts

Objective measures of stress presented in all papers of this dissertation offer a new insight
regarding the main theories in the field of environmental psychology, ART and SRT. In Papers
I and IV, participants reported greater restoration of their attention following the walk in nature
compared to the walk in an urban environment, which aligns with ART, focusing on cognition
and positing that nature restores directed attention (Kaplan, 1995). Notably, within the ART

framework, we examined potential changes in working memory capacity after the nature versus
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urban walk in Papers I and IV, but we observed no significant changes. However, it is important
to note that in Paper I, the post-walk working memory test was conducted immediately after
an MRI stress-inducing paradigm, not following the walks. In Paper IV, mothers reported
distractions from their infants during the task, which could have affected the results. Therefore,
these findings warrant careful interpretation and necessitate further research. On the other hand,
SRT emphasises stress reduction, suggesting that exposure to nature inherently reduces stress
in humans due to our evolutionary history, subsequently enhancing attention (Ulrich et al.,
1991). While these theories are complementary frameworks (Berto, 2014; Joye & Van Den
Berg, 2018), ART highlights the importance of improving cognition and SRT importance of
reducing stress. Therefore, our research, particularly in Paper I, aligns more strongly with SRT.
We observed a decrease in amygdala activity, a brain region involved in modulating stress
response, without significant changes in areas associated with cognition (dIPFC and ACC).
Nevertheless, our findings are most congruent with the recently proposed NBRT (White
et al. 2023). This theory proposes that contact with nature can create biopsychosocial resilience
that helps in preventing or reducing stress. Paper I suggests that even short-term exposure to
nature may build biological resilience, by strengthening the adaptive nervous system to
stressors. Therefore, even a one-hour walk in nature may contribute to creating biological
resilience related to the nervous system, reflected in diminished stress-related neural activity
after the exposure to nature. According to NBRT, over time, this resilience may help counteract
the effects of stressors, potentially resulting in lower amygdala activity during social stress
observed in rural compared to urban dwellers (Lederbogen et al., 2011). Within this approach,
diminished stress-related activity during social stress in rural dwellers would represent
enhanced psychological and biological resilience to stressors due to frequents contact with
nature in rural inhabitants. Additionally, NBRT underlies the importance of social context
during the walk, such as sharing nature experience with others, what we tackled in Paper IV,
as well as interindividual differences and age span, which were tackled in Paper II and Paper

1.

4.2 Potential application to health and urban design policies

This dissertation has important applications for health policies, such as green prescription, as
well as urban design policies. The concept of a green prescription refers to a health
professional’s advice for a patient to engage in nature-based activities, such as walking in a

park or gardening, as part of their treatment plan (Robinson & Breed, 2019; A. E. Van den
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Berg, 2017). This approach is particularly focused on patients with mental health issues like
depression, anxiety, and stress-related disorders (Adewuyi et al., 2023). Paper I suggests
therapeutic benefits of natural environments on brain regions associated with stress and together
with previous research contributes to evidence for nature-based activities in treatment plans,
especially for conditions linked to stress. This study not only contributes to the scientific basis
for green prescriptions but also encourages healthcare providers to consider nature-based
strategies as part of a holistic approach to mental health care. While Paper IV does not
conclusively demonstrate more beneficial effects of natural environments on stress compared
to urban settings, it is important to note that participants went for a walk in residential areas.
Future research should investigate whether more remote natural settings, such as the urban
forests examined in Paper I, might offer greater benefits for nature-based treatments. This
exploration is essential to discern the optimal types of natural environments for green
prescriptions.

Another potential application of this research lies in shaping urban design policies. The
positive effects of nature on mental health stress the importance of incorporating green spaces
into urban landscapes to improve the quality of life for city residents (McCay et al., 2019;
Olszewska-Guizzo, 2021). In this dissertation, Papers I and III emphasise the necessity of
integrating natural elements into urban environments due to their salutogenic effects on brain
health. The observed benefits underscore the urgency for urban designs that incorporate
accessible green spaces, parks, and other natural features as fundamental elements of urban
infrastructure. Additionally, the findings from Paper IV highlight the significance of designing
walkable cities to facilitate stress reduction. Therefore, these insights collectively suggest that
urban planning should not only focus on the functional aspects of city design, but also prioritise

features that positively affect mental and brain health of its inhabitants.

4.3 Limitations and future directions

In this dissertation, we explored the effects of short-term exposure to natural versus urban
environments on stress, stress-related brain function, and hippocampal structure. In this work,
of course, there are certain limitations that should be discussed. The sample used in this
dissertation predominantly consists of WEIRD (Western, Educated, Industrialised, Rich, and
Democratic) individuals, which inherently limits the generalisability of our results. Moreover,
as our participants lived in an urban environment, the generalisability of the results is limited

to city dwellers. In Papers I — III it is also probable that the urban environment, being their
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everyday setting, was more familiar to them than the nature route. Therefore, as already
mentioned, we cannot entirely rule out that observed effects on stress-related brain function and
hippocampal structure might be partly attributed to the novelty of the natural environment. To
account for previous familiarity with the environments and to broaden the applicability of these
findings, future research should investigate the effects of exposure to natural versus urban
environments among individuals living in towns and rural areas.

Importantly, the definitions of what constitutes a natural environment and an urban
environment are not clearly established. In Papers I — III we characterised natural environment
as “urban forest in a city of Berlin” and the urban environment as “a busy street in Berlin with
shopping malls” (Sudimac et al., 2022). In Paper IV we focused on participants’ residential
areas and defined the natural environment as “a nearby park that participants typically visit”
and urban environment as “a nearby busy street with traffic that participants typically use for
grocery shopping or similar activities” (Sudimac et al., 2024). However, it is important to point
out that these definitions might not correspond to the concepts of natural and urban
environments in other countries or cultures. Furthermore, these concepts may differ between
inhabitants within the same city, influenced by different degrees of natural and built elements
in their neighborhoods. Therefore, future research should document the environments used in
studies with greater transparency and detail. This would provide a clearer understanding of the
similarities and differences in natural and urban environments across various studies. Following
the recommendations of Barnes and colleagues (2019), this approach would also support the
evidence-based integration of natural environment features into urban design planning.

In Papers I — 111, the specific natural elements responsible for the positive effects of
nature on amygdala activity and hippocampal volume remain unidentified. While our aim was
to examine a typical walk in natural and urban settings as a holistic experience, encompassing
all different aspects between natural and urban environments, the specific natural features
driving the effects of nature on the brain have yet to be determined. Thus, it is currently unclear
whether the beneficial effects of nature on amygdala activity and hippocampal volume are due
to greenery, birdsong, natural odours, their combination, or other factors. To address this, our
next fMRI study, as outlined in the preregistration (Sudimac & Kiihn, 2023), is designed to
disentangle the effects of different natural features, by exploring changes in stress-related brain
activity as an effect of various types of natural environments, such as forest, a waterscape, and
a grassland. Identifying these active ingredients of nature would also contribute to integrate
natural features into every day setting for individuals who, due to various reasons, cannot access

outdoors natural environments. Another challenging yet important direction for examining
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specific natural features beneficial for mental and brain health would be to integrate MRI with
VR technology. This innovative approach would allow for the manipulation of a variety of
natural features within a realistic virtual setting, while simultaneously measuring their effects
on brain activity. Integration of MRI methodology with VR presents an opportunity to
systematically study specific aspects of natural environments and their impact on mental and
brain health in a controlled yet immersive manner. Disentangling specific features of the natural
environment that are salutogenic for mental and brain health is crucial for formulating evidence-
based urban design policies. Such knowledge is key to developing urban spaces that are not
only aesthetically pleasing but also restorative for mental health, underlining the importance of
accessible green areas as a public health necessity.

An important yet unanswered question revolves not only around identifying the active
ingredients in nature that drive stress relief but also discerning whether exposure to nature has
a unique stress-relieving effect, different from other enjoyable stimuli. Previous research has
shown that non-natural environments, such as museums and hospital rooms decorated as home
environments can also induce restoration (Ohta et al., 2008; Packer & Bond, 2010).
Furthermore, activities such as listening to classical music or meditating can also have stress-
reducing effect (Chennafi et al., 2018; Marchand, 2012). Likewise, the results in Paper IV
indicate that stress indicators were lower after the walk itself, irrespective of the environment.
Therefore, future studies could investigate whether exposure to nature elicits more pronounced
or distinct stress-relief effects compared to enjoyable activities or non-natural environments.

The rich diversity of natural environments worldwide, such as deserts, beaches,
mountains, and forests, combined with distinct cultural views and values of nature, should be
taken into consideration in future research. It should explore how interaction with these diverse
natural settings, including distant nature or rural environments, affects the brain. An innovative
approach could involve the use of mobile low-field MRI scanners (Aharoni et al., 2013) to
examine how contact with distant nature or rural environments affects brain function and
structure. Employing a portable MRI scanner would also enable the study of brain changes in
response to nature in remote cultures, which attribute different meanings to nature than Western
societies. Since MRI facilities are mostly in big cities, field research utilising mobile MRI can
address some of the main limitations of this research, such as the focus on urban citizens, the
examination of only city-based green spaces as representations of natural environments, and
the inclusion of predominantly WEIRD samples. This diversity is crucial not only for a more

comprehensive understanding of the impact of nature on mental health and brain function but
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also for the development and tailoring of medical and urban design policies to various cultural
contexts.

An additional limitation to consider is that in Papers I — I1I, the collection of post-walk
behavioural data occurred after participants had already undergone a stress-inducing MRI
paradigm, rather than immediately following the walk. This design choice was driven by our
primary focus on brain measures over behavioural outcomes. However, the data on mood and
stress gathered post-walk primarily reflected participants’ states while in the MRI scanner,
rather than their states during the walk. This limitation hindered our ability to assess whether
the walk in nature had an immediate effect on self-reported stress levels. For future research,
we recommend administering short post-intervention questionnaires to evaluate mood and
stress before collecting MRI data, which can itself be a source of stress. Such subjective data
on mood and stress would enhance the understanding of the meaning of the observed neural
activity. Additionally, during the walk, there may have been various factors beyond our control
that could have affected the outcomes. Nevertheless, the random assignment of participants to
the natural and urban conditions should have ensured an equal distribution of any confounding
variables across both conditions.

In Paper 11, a notable limitation was the restricted subsample size of men and women,
which was insufficient for a three-way interaction analysis with participants’ sex as an
additional factor. Consequently, we recommend that future research examines this effect in a
larger sample to determine whether there is an environment-by-time-by-sex interaction. A
major limitation in Paper III was that the interaction effect did not persist after Bonferroni
correction for multiple comparisons and, therefore, the findings should be considered
exploratory. Nevertheless, we regard them as valuable since this was the first study to report
changes in brain structure as an effect of short-term exposure to nature. We suggest that future
studies revisit this effect with a larger sample size to validate our initial findings. In Paper IV,
we aimed to explore the effects of residential natural and urban environments on mothers and
their infants. However, the routes walked by participants may not be comparable due to wide
variation in what constitutes urban and natural environments within a city. Future studies in this
field might benefit from quantifying the effects of specific environmental features, such as
forest coverage and air pollution, on stress levels, rather than relying on broad categories of
natural and urban environments. Furthermore, it is unclear whether the reduced cortisol levels
observed in mothers and infants after walks in both natural and urban environments are
attributable to the walk itself or to cortisol’s diurnal rthythm. Although the walks occurred in

the afternoon, when cortisol levels are generally more stable (A. M. Hansen et al., 2008), we
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cannot discount the possibility that the observed decrease in cortisol is part of the natural
fluctuations of cortisol, which generally decreases throughout the day. Future research should
consider several additional cortisol samplings before the walk and, ideally, on multiple non-
experimental days at various times. This approach would establish a more accurate baseline,
helping to ascertain whether the observed decrease in cortisol levels is influenced by the walk
or simply reflects the usual daily fluctuations in cortisol levels in mothers and infants.

Additionally, as the mothers collected their own and their infants’ saliva samples
without an experimenter present, this could have additionally influenced their stress levels and
hinder the effects of the environments on stress. While our approach in Paper IV aimed to
enhance the ecological validity of the findings by exploring the impact of residential
environments in participants’ everyday settings, it also added complexity to the interpretation
of the results. To overcome this limitation, in Papers I — II1, participants followed a predefined
route. However, undergoing an MRI paradigm in a lab with experimenters on site might
question the naturalness of the study protocol and the ecological validity of the results. The
controlled laboratory setting in Papers I — 111, while advantageous for ensuring consistency in
the study procedure among participants, may not entirely reflect real-world scenarios and their
everyday experiences.

Another important constraint is a lack of understanding regarding the duration of
nature’s beneficial effects on stress-related neural activity and hippocampal structure.
Additionally, the optimal length, exposure frequency, and the impact of individual differences
and social context during exposure on these outcomes remain unclear. We addressed the
duration of nature’s effects in Paper IV, where we examined cortisol levels immediately after
the walk, 30, and 60 minutes later. Nevertheless, additional measures are necessary to assess
behavioural, physiological, and neural effects of exposure to natural versus urban environments
over longer periods of time. Furthermore, the optimal duration of the walk remains unclear. In
Paper I, we observed effects of a one-hour walk in nature on stress-related amygdala activity,
however, it is not clear whether the effect would manifest after a shorter walk or persist, or even
increase, following a longer walk. Prospective research should therefore investigate the impact
of exposure to natural and urban environments of varying lengths, assessing whether shorter or
longer durations have differential impact on stress-related responses.

An essential future direction is exploring long-term effects of spending time in nature.
Longitudinal studies are necessary to understand the impacts of repeated exposure to nature
over weeks or months. In Papers Il and IV, we explored the effects of interindividual

differences such as sex and age, as well as the social context during exposure. Nevertheless,
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future studies should focus on contrasting the effects of nature exposure across various age
groups such as comparing young and older adults, and delve into the developmental trajectories
of individuals to identify potential critical periods for exposure. In addition to addressing age
differences, prospective research should expand its scope to encompass different sexes and
genders. This broader approach can help identify those who may derive the greatest benefits
from exposure to nature. Understanding the long-term effects of being in nature, the necessary
duration and frequency of contact, as well as the influence of social context and individual
differences, is essential for developing evidence-based green prescriptions. A crucial further
step in this line of research would be examining the effects of exposure to natural and urban
environments on psychiatric patients and individuals at risk for developing a mental disorder.
Therefore, future studies should specifically examine which mental disorders or predisposing
mental health challenges would be most positively impacted by exposure to nature.
Furthermore, more longitudinal research involving clinical populations is necessary to firmly
establish green prescriptions as valid clinical interventions (Kotera et al., 2022; Oh et al., 2017,
A. E. Van den Berg, 2017). Continued research in this area will provide a more comprehensive
understanding of the long-term effects and potential applications of nature-based therapies in
clinical settings, thereby contributing to the evolving field of green prescriptions and nature-

based health interventions.

4.4 Conclusion

In four publications, this cumulative dissertation explored the effects of a walk in natural versus
urban environments on stress, stress-related brain function, and hippocampal structure. Paper
I revealed that a one-hour walk in nature decreased stress-related amygdala activity, while it
remained stable after a walk in an urban environment, suggesting salutogenic effects of short-
term exposure to nature on brain regions related to stress. Paper Il showed that the reduction in
amygdala activity was observed in women, but not in men, emphasising the importance of
examining interindividual differences in response to natural and urban environments, including
sex disparities. Paper III investigated the effects of a one-hour walk a natural versus and urban
environment on hippocampal structure. The volume of the subiculum, a hippocampal subfield
associated with stress response inhibition, increased following the nature walk, while no
changes were observed after the urban walk (though the interaction did not achieve statistical
significance after applying the Bonferroni correction). This indicates that exposure to nature

might have short-term impact on brain structure. Paper IV examined the effects of a walk in
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residential natural versus urban environments on behavioural and physiological indicators of
stress in mothers and their infants. The study did not detect significant differences in subjective
and physiological stress indicators between exposure to residential natural and urban
environments in mothers and their infants. However, cortisol levels decreased in both mothers
and infants after walks in both types of environments, possibly indicating the stress-reducing
effects of walking itself or reflecting daily cortisol fluctuations.

In summary, this dissertation provides empirical insights into the causal effects of short-
term exposure to natural versus urban environments on stress, stress-related brain function, and
hippocampal structure. This research holds implications for health policies, including green
prescription initiative, and urban design policies, emphasising the importance of integrating

accessible green spaces into the urban environment for improved mental and brain health.
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Since living in cities is associated with an increased risk for mental disorders such as anxiety disorders, depression, and
schizophrenia, it is essential to understand how exposure to urban and natural environments affects mental health and the brain. It
has been shown that the amygdala is more activated during a stress task in urban compared to rural dwellers. However, no study so
far has examined the causal effects of natural and urban environments on stress-related brain mechanisms. To address this
question, we conducted an intervention study to investigate changes in stress-related brain regions as an effect of a one-hour walk
in an urban (busy street) vs. natural environment (forest). Brain activation was measured in 63 healthy participants, before and after
the walk, using a fearful faces task and a social stress task. Our findings reveal that amygdala activation decreases after the walk in
nature, whereas it remains stable after the walk in an urban environment. These results suggest that going for a walk in nature can
have salutogenic effects on stress-related brain regions, and consequently, it may act as a preventive measure against mental strain
and potentially disease. Given rapidly increasing urbanization, the present results may influence urban planning to create more
accessible green areas and to adapt urban environments in a way that will be beneficial for citizens’ mental health.

Molecular Psychiatry (2022) 27:4446-4452; https://doi.org/10.1038/s41380-022-01720-6

INTRODUCTION

The human brain is shaped by its surroundings. Increasing
urbanization has been one of the recent major changes in our
environment, resulting in more than half of the world’s population
currently living in cities, projected to increase to 68% by 2050 [1].

Even though urbanization has many advantages, living in a city
is a well-known risk factor for mental health [2]. Mental health
problems like anxiety, mood disorders, major depression, and
schizophrenia are up to 56% more common in urban compared to
rural environments [3]. It has been suggested that urban
upbringing is the most important environmental factor for
developing schizophrenia [4], accounting for more than 30% of
schizophrenia incidence [5]. Since there is a consistent dose-
response relationship between schizophrenia and urban environ-
ment, even when controlling for possible confounders such as
sociodemographic factors, family history, drug abuse, and size of
social network [4], the hypothesis is that urban environment is
related to higher schizophrenia incidence through increased social
stress [6, 71.

On the other hand, exposure to nature provides attentional
restoration and stress relief [8, 9]. The biophilia hypothesis states
that humans feel an innate tendency to connect with nature since
this attitude is rooted in our evolutionary history [10, 11]. Research
about the beneficial effects of nature has been mainly motivated
by two theoretical frameworks — Attention Restoration Theory
(ART) [12] and Stress Recovery Theory (SRT) [13], that explain the

psychological benefits of nature from different perspectives. ART
focuses on cognitive restoration through nature exposure. The
notion is that nature invokes involuntary attention allowing
voluntary attention processes to recover [14]. SRT, on the other
hand, emphasizes affective responses in contact with nature, that
lead to restoration. According to SRT, the restorative process is
related to the stress-reducing capacity of natural environments
that involves an increase in positive emotions as well as a
decrease in arousal and negative emotions such as fear [9, 13].

A growing body of empirical research has demonstrated the
cognitive and affective benefits of exposure to natural environ-
ments. Spending time in nature can improve working memory
capacity [15], restore directed attention [8] as well as reduce
negative emotions and stress [16-18]. The evidence of nature’s
beneficial effects on stress has been observed not only in
psychological assessments, but also in physiological indicators of
stress, namely in decreases in heart rate, blood pressure, and
stress-related hormone cortisol [19, 20].

Even though the beneficial effects of nature exposure have
been repeatedly shown, the neural underpinnings of these effects
are unknown. In a seminal cross-sectional study, the amygdala has
been shown to be more activated during a social stress task in
urban compared to rural dwellers [21]. Nevertheless, intervention
studies are needed to demonstrate the causal effects of natural
and urban environments on the brain. In a single functional
magnetic resonance imaging (fMRI) intervention study conducted
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so far it was shown that a 90-minute walk in nature decreased self-
reported rumination and activity in the subgenual prefrontal
cortex (sgPFC), associated with rumination, whereas there was no
change after the urban walk [22].

However, to the best of our knowledge, there has been no fMRI
intervention study examining the causal effects of exposure to
urban vs. natural environments on stress-related brain regions.
And importantly, the previous findings do not disentangle
whether stress-relief after being in nature is the result of exposure
to the natural environment itself or merely of the absence of
detrimental urban effects. To address these questions, we
conducted an fMRI intervention study investigating brain activity
before and after a one-hour exposure to natural versus urban
environments. We hypothesized that stress-related brain regions
would be less activated after exposure to the natural compared
to the urban environment, relative to the baseline activation
before the walk. A-priori defined and preregistered (https://
aspredicted.org/tm629.pdf) brain regions of interest (ROI) included
amygdala, anterior cingulate cortex (ACC), and dorsolateral
prefrontal cortex (dIPFC).

MATERIALS AND METHODS

Participants

Participants were recruited from the Castellum database of the Max Planck
Institute for Human Development in Berlin, via mailing lists of universities
in Berlin, and through the online platform ebay-kleineanzeigen.de.
Participants were told that they would take part in an MRI study and
that they would go for a walk, but were not informed about the research
question of the study. All participants were fluent in the German language,
right-handed, and were not diagnosed with any psychological or
neurological disorders. A sample size estimation using G*Power resulted
in the need of 54 participants to enable a medium effect size. We tested 9
participants more to ensure that potential drop outs would not reduce the
sample size below the number we decided on. The final sample consisted
of 63 participants (29 females, total mean age =27.21 years, SD = 6.61,
age-range = 18—47 years). The participants were pseudo-randomly
assigned either to a nature (32 participants) or an urban walk (31
participants), while controlling that men and women were equally
distributed in both environments. During randomization, it was also
controlled that the number of afternoon walks were equally distributed
between conditions. An overview over the control variables in the two
conditions is shown in Supplementary Table 1.

The study was approved by the Local Psychological Ethical Committee
at the Center for Psychosocial Medicine at University Medical Center
Hamburg-Eppendorf in Hamburg, Germany (LPEK-0054). We obtained
written informed consent from all participants and they received monetary
compensation for the participation in the study.

Study procedure

The experiment was conducted in late summer/fall 2019 during daylight,
between 10:00 a.m. and 5:00 p.m. The flowchart of the study procedure is
shown in Fig. 1. Upon arrival, participants signed the informed consent,
filled out the questionnaires, and performed a working memory task.
Subsequently, the participants underwent an fMRI scanning procedure
that included questions on rumination [23], the Fearful Faces Task (FFT)
[24], and the Montreal Imaging Stress Task (MIST) [25]. The MIST was
administered in order to induce social stress, since the SRT [13]
hypothesizes that nature’s restorative potential is most evident when the
individual is in a stressed state. The order of the FFT and MIST was
counterbalanced between subjects, however, the order was the same
within subjects, at pretest and posttest.

After the scanning session, participants were randomly assigned to a 60-
minute walk in either a natural or urban environment (Fig. 2). Even though
the definition and also the dichotomy of ‘natural’ and ‘urban’ environment
has been an object of debate [26], the ‘natural environment’ we refer to is
an urban forest, the largest green area in the city of Berlin (Grunewald
forest; Fig. 2b), whereas the ‘urban environment’ refers to a busy street in
one of the city centers in Berlin with shopping malls (Schlof3stra3e; Fig. 2c).
As recommended in the recent review [27], geographic locations of the
walk and the landscape features of the environments are reported (see
Supplementary information).
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The participants were shown the exact walk route on a map (straight
path) and they were collected at the lab and brought by taxi to the starting
point of the walk. They carried a mobile phone that logged participants’
global positioning system (GPS) data during the walk, to ensure that they
walked the intended route (Fig. 2a). During the walk, participants were
equipped with an Empatica E4 (Empatica S.r.l, Milan, Italy), a wristband
measuring electrodermal activity (EDA), heart rate variability (HRV), and
heart rate, as physiological indicators of stress. Participants went on the
walk alone and were instructed not to enter shops or use their mobile
phones, to avoid potential distraction. They were given a bagged lunch
that they could eat during the walk. After 30 min, as an alarm signal was
generated by the phone, they turned around and continued the walk back
to the starting point. Here they were picked up by a taxi and brought back
to the lab.

After the walk the same fMRI scanning procedure was repeated, with
one additional stress-inducing task, the Social-Evaluative Threat task (SET)
[28], a modified version of the Trier Social Stress Test [29], meant to induce
social stress and presented only after the walk, since we reasoned that the
participants would not have believed the cover story twice (for detailed
SET task procedure see Supplementary information). Additionally, the
participants reported the level of restored attention after the walk via a
questionnaire. Finally, the participants were debriefed and informed about
the aim of the study. Within the scope of this article, we report on the fMRI
results on the FFT and the MIST.

Functional imaging paradigms
Fearful Faces Task (FFT). An adapted version of the Fearful Faces Task
(FFT) [24] was used, designed to measure amygdala activity during fearful
and neutral facial expressions. While in the MRI scanner, participants were
presented with stimuli, consisting of 15 male and 15 female faces, each
depicting fearful (Fear condition; Fig. 3 bottom left) or neutral facial
expression (Neutral condition; Fig. 3 bottom right). Both fearful and neutral
facial expressions were shown either for 1000 ms (unmasked stimuli) or for
17 ms followed by a mask with neutral facial expression presented for
983 ms (masked stimuli). Since the amygdala has been shown to respond
to masked stimuli even when most of the participants were not aware of
their presence [30-32], we used masked stimuli in order to exploratorily
examine whether the degree of conscious perception had an effect on
amygdala activity. However, we did not have the time to perform a
perceptual control test and therefore we have no proof that the masked
stimuli were actually processed outside of the participants’ awareness.
We used the set of 60 stimuli from the FACES database by the Max
Planck Institute for Human Development in Berlin [33], consisting of face
photographs on a gray background, matched on size and luminance. We
used the FACES database because it provides a large set of validated high-
resolution photographs with natural facial expressions that vary by gender,
age, and emotion. The fMRI paradigm consisted of 22 blocks with 6
pictures interleaved with a 200 ms break between pictures. Each block was
followed by a white fixation cross presented for 9s. In order to monitor the
participants’ attention, the fixation cross was red on two occasions, and
participants were instructed to press the button on the response box as
soon as they would see the red cross on the screen. The order of the
stimuli was randomized within 10 versions of the FFT, and the task version
was introduced in the fMRI data analysis as a covariate. The whole task
sequence lasted 8 minutes and 28 s. The task was presented via a projector
and mirror system and the participants answered using a response box.
The FFT was presented using software Presentation (version: 19.0) and the
code for the task used in this study is openly available at https://osf.io/
5m2qv.

Montreal Imaging Stress Task (MIST). The Montreal Imaging Stress Task
(MIST) [25] is a computerized fMRI-adapted paradigm, based on the Trier
Social Stress Test [29], with an aim to induce social stress, in which
participants solve mental arithmetic tasks with a time limit designed to be
just beyond the participant’s cognitive capacities. The MIST consisted of
three different conditions: Experimental, Control, and Rest (Supplementary
Fig. 1).

In the Experimental condition, the information about individual
performance and a fake-average performance of all participants was
graphically presented after each response. This fake-average performance
was consistently considerably better than the individual performance in
order to induce social stress. In the Control condition, the mental
arithmetic tasks had the same level of difficulty as in the Experimental
condition, but the participant’s performance as well as the fake-average
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Flowchart of the study procedure. Before the walk participants filled out questionnaires and underwent the fMRI scanning procedure,

which included the Fearful Faces Task and the Montreal Imaging Stress Task. Subsequently, each participant was randomly assigned to a 60-
min walk, in either a natural or urban environment. After the walk, the participants underwent the fMRI scanning procedure again and filled

out the questionnaires.
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Fig.2 Location of the nature and urban walk. a GPS data of two participants during the walk in the natural environment (Berlin, Grunewald)
and the urban environment (Berlin, SchloBstraBe) displayed on the OpenStreetMap (https://www.openstreetmap.org). b Sample picture of the
walk in the natural environment. ¢ Sample picture of the walk in the urban environment.

performance of all participants was not displayed and there was no time
limit for solving the task. In the Rest condition, treated as a baseline, no
task was displayed and the participants were asked to simply passively
look at the screen [25]. For detailed MIST procedure see Supplementary
information.

Magnetic Resonance Imaging

Data acquisition. All images were acquired on a Siemens Tim Trio 3T
scanner (Erlangen, Germany) using a 32-channel head coil. The T1-
weighted images were obtained using a three-dimensional T1-weighted
magnetization prepared gradient-echo sequence (MPRAGE; repetition time
(TR) =2500ms; echo time (TE)=4.77ms; TI=1100ms, acquisition
matrix = 256 x 256 x 192, flip angle=7°% 1x1x1 mm? voxel size). Whole
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brain functional images were collected using a T2*-weighted echo-planar
imaging (EPI) sequence sensitive to BOLD contrast (TR=2000 ms,
TE=30ms, acquisition matrix=216x216x 129, flip angle=80°, slice
thickness = 3.0 mm, distance factor = 20%, FOV =216 mm, 3 x 3 x3mm®
voxel size, 36 axial slices, using GRAPPA).

Data preprocessing. Functional imaging data were preprocessed and
analyzed using Statistical Parametric Mapping software (SPM12; https://
www filion.ucl.ac.uk/spm/software/spm12/). EPIs were corrected for slice
timing and head motion and transformed into the stereotactic normalized
standard space of the Montreal Neuroimaging Institute (MNI) using the
unified segmentation algorithm. Finally, spatial smoothing with a 6-mm
full width at half-maximum (FWHM) Gaussian kernel was performed. The
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a Bilateral amygdala activity while watching fearful faces (Fear condition) decreased after the walk in the natural environment. b Bilateral
amygdala activity while watching neutral faces (Neutral condition) decreased after the walk in the natural environment. ¢ Region of interest,
the bilateral amygdala as defined in Automated Anatomic Labelling Atlas 2. Bottom: Stimuli in the Fearful Faces Task showing fearful facial
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Oxygen Level-Dependent; Significant differences are indicated with asterisks (*P < 0.05; **P < 0.01); error bars represent one standard error of

the mean.

voxel size was not changed during preprocessing but kept in the original
acquisition dimension (3 x 3 x 3 mm?).

Data analysis. At the first level analysis of the FFT estimates of functional
activation during conditions (unmasked Fear, unmasked Neutral, masked
Fear, masked Neutral, Response) were obtained using an event-related
paradigm. A high-pass filter (cut-off 128's) was applied. Subsequently, a
whole brain analysis was performed, using flexible factorial design with a
focus on the interaction of environment (urban vs. natural) and time
(before vs. after the walk). Both interaction contrasts were analyzed
(Fear > Neutral and Neutral > Fear), using family-wise error (FEW) correction
with a threshold at P<0.05, and no significant clusters survived.
Additionally, in order to perform a whole brain analysis with less rigorous
threshold, the contrasts were thresholded at P < 0.001, uncorrected while
controlling for multiple testing on the cluster level using 3DClutSim in AFNI
(Analysis of Functional Neuroimages) [34] and again no significant clusters
survived.

We then used a ROI-based approach, based on our a priori hypothesis,
focusing on ROl amygdala, ACC (both derived from the Automated
Anatomic Labelling atlas 2 [35], https://www.gin.cnrs.fr/en/tools/aal/), and
dIPFC (left and right frontal superior gyrus), derived from the SPM Anatomy
Toolbox [36], using WFU PickAtlas (https://www.nitrc.org/projects/
wfu_pickatlas). Volume of the bilateral amygdala was 3744 mm?3, dIPFC
volume was 79,968 mm?>, and ACC volume was 21,704 mm?>. We extracted
mean BOLD signal from a time window of 4-6 s after stimulus onset across
all voxels within each ROI using a Matlab script based on the marsbar
toolbox (version 0.44 [37]). We reasoned that the intervention, namely a
one-hour walk, would globally affect the stress level and therewith stress-
related brain activity, not only when contrasting the Fear > Neutral
condition. To test this, we examined activity of each ROl (bilateral
amygdala, dIPFC, and ACC) in Fear and Neutral condition separately. Since
the results in both conditions were similar, we also examined pooled ROI
activity of Fear and Neutral condition. We averaged data from unmasked
and masked stimuli, because the results were similar.

We conducted a two-way mixed ANOVA with environment as a
between-subject factor (urban vs. natural) and time as a within-subject
factor (before vs. after the walk), in the Fear and Neutral condition
separately, and also in the ROl pooled activity of Fear and Neutral
conditions, while focusing on environment-by-time interaction. Two-tailed
post-hoc t-tests were performed within the urban and the natural
environment to examine the differences in ROI activity before and after
the walk in each environment as well as separately within Fear and Neutral
conditions, and the pooled activity of the latter conditions. Additionally,
the amygdala subregions (centromedial and laterobasal amygdala) were
derived from an atlas of the SPM Anatomy Toolbox [36] and the two-way
mixed ANOVA was performed in the same ways as described above.
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At the first level analysis of the MIST we obtained estimates of functional
activation during the three conditions within a block-design paradigm
(Experimental, Control, and Rest) and applied a high-pass filter (cut-off
5205s). We first performed a whole brain analysis, using flexible factorial
model and focusing on the interaction of environment (urban vs. natural)
and time (before vs. after the walk). Both interaction contrasts (Exp > Cont
and Cont > Exp) were analyzed, using family-wise error correction with a
threshold at P < 0.05 and no significant clusters survived. Subsequently, to
present a more lenient thresholding, the contrasts were thresholded at
P <0.001, uncorrected while controlling for multiple testing on the cluster
level using 3DClustSim in AFNI [34]. Significant clusters within the
Experimental > Control contrast are shown in the Supplementary Table 2.
No significant clusters survived within the Control > Experimental contrast.

To analyze ROI activity within the MIST, we extracted the beta values
within each ROI separately for the contrasts Experimental > Rest and
Control > Rest, in order to obtain the beta values in the Experimental and
Control condition relative to baseline (Rest condition). Subsequently, a
2x2x2 mixed ANOVA was conducted with condition (Experimental vs.
Control) and environment as a between-subject factor (urban vs. natural)
and time as a within-subject factor (before vs. after the walk) for the
amygdala activity, also focusing on environment-by-time interaction.
Additionally, and in accordance with how the FFT data was analyzed,
post-hoc t-tests were conducted with pooled amygdala activity of the
Experimental and Control condition as a dependent variable in order to
examine if the environment-by-time interaction was driven by a change in
the amygdala activity after the walk in the urban or in the natural
environment.

Behavioural data and Physiological data are reported in the Supple-
mentary information.

RESULTS

As hypothesized, we observed a significant environment-by-time
interaction in bilateral amygdala in the Fear [F(1,61)=6.11,
P=0.016, n°y = 0.04; Fig. 3a] as well as in the Neutral condition
[F(1,61)=4.86, P=0.031, nzg =0.03; Fig. 3b]. Moreover, a
significant environment-by-time interaction was likewise observed
when bilateral amygdala activity within both Fear and Neutral
conditions was pooled [F(1,61) =5.81, P=0.019, r]zg = 0.04]. There
was no significant time-by-environment interaction neither in ACC
or dIPFC in the FFT in the Fear condition (Supplementary Table 3),
Neutral condition (Supplementary Table 4), nor in the pooled
activity of the Fear and Neutral conditions (Supplementary
Table 5).
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To investigate whether the environment-by-time interaction in
amygdala activity was mostly driven by an increase in the urban
environment or by a decrease in the natural environment, we
conducted follow-up t-tests. The two-tailed paired post-hoc t-tests
for pooled activity during the Fear and Neutral condition revealed
that amygdala activity was stable in the urban environment
[t(30) = —0.67, P=0.506], whereas there was a significant
decrease in amygdala activity after the walk in nature
[t(31) =2.62, P=0.014]. A two-tailed paired post-hoc t-test also
showed a decrease in amygdala activity after the walk in natural
environment when tested separately within the Fear [t(31) =2.77,
P=0.009; Fig. 3a] and the Neutral condition [t(31)=237,
P =0.024; Fig. 3b]. Therefore, the environment-by-time interaction
was driven by a significant decrease in amygdala activity after the
walk in nature (Fig. 3). Additionally, we observed that the
interaction in amygdala activation was lateralized and mostly
driven by the activity in the right amygdala [F(1,61)=7.00,
P=0.010, n’, = 0.04].

Interestingly, the analysis of bilateral amygdala activity only
during masked stimuli as well revealed a significant environment-
by-time interaction [F(1,61) = 5.58, P =0.021, nzg =0.03], showing
a decrease after the exposure to the natural environment
[t(31) =2.65, P=0.012].

Exploratorily, we tested different subregions of the amygdala
separately and observed a significant environment-by-time
interaction in the basolateral amygdala [F(1,61) = 5.17, P =0.026,
nzg = 0.03; Supplementary Fig. 2], likewise driven by a decrease in
its activity after the walk in nature [t(31) =1.98, P = 0.057].

As hypothesized and in the same direction as in the FFT, we
observed a significant environment-by-time interaction in amyg-
dala activity in pooled Experimental and Control condition in the
MIST [F(1,61) =5.07, P=0.028, nzg = 0.02; Supplementary Fig. 3].
Likewise in the FFT, two-tailed paired post-hoc t-tests within the
MIST revealed that the interaction was driven by a decrease in
amygdala activity after the walk in nature [t(31) = 1.88, P=0.070],
whereas amygdala activity remained stable after the walk in the
urban environment [t(30) = —1.28, P=0.211]. In the MIST, as in
the FFT, there was no time-by-environment interaction in ACC or
dIPFC (Supplementary Table 6).

There was no significant environment-by-time interaction in
self-report measures or in the cognitive task (Supplementary
Tables 7, 8) nor in physiological indicators of stress (Supplemen-
tary Table 9). However, as predicted, perceived restorativeness
was higher after the nature walk than after the urban walk
[Z=—-3.85 P<0.001, r=049; Supplementary Fig. 4 and
Supplementary Table 10]. Moreover, participants who went for
a walk in nature reported that they enjoyed the walk more
[Mdn =92, IQR = 20.5], compared to the participants who went
for an urban walk [Mdn =70, IQR=40.5, Z= — 2.87, P=0.004,
r=0.37].

DISCUSSION

Living in an urban environment has been associated with mental
health problems, like anxiety disorders, depression, and schizo-
phrenia, with urban upbringing being the most important
environmental factor for developing schizophrenia [3, 4]. To
investigate causal effects of urban and natural environments on
the brain, we conducted an intervention study that examined
changes in stress-related brain regions after a one-hour walk in an
urban vs. natural environment. Furthermore, we aimed to explore
whether stress-relief after exposure to nature is a result of the
natural environment itself or of the mere absence of disadvanta-
geous urban effects.

In line with our hypothesis, we observed that amygdala activity
decreased after the walk in nature, whereas it remained the same
after the walk in the urban environment. We interpret this as
evidence showing that nature is indeed able to restore individuals
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from stress, and as a lack of evidence that the administered urban
exposure additionally heightens amygdala activity.

We observed a decrease in amygdala activity after the walk in
nature not only during fearful, but also during neutral faces in the
FFT. The bilateral amygdala has been shown to respond to both
fearful and neutral faces [38], although it is prominently reported
that subtracting brain activity during neutral faces from that
during fearful faces results in amygdala activity [24, 39, 40]. We
speculate that the effect of exposure to nature was rather a
general effect that affected the amygdala by increasing its
threshold for activation, consequently leading to an interaction
effect during both fearful and neutral faces.

Furthermore, we found that amygdala activity during masked
stimuli showed the same effect as during unmasked stimuli,
namely, it decreased after the walk in nature, whereas it remained
stable after the walk in the urban environment. These results are
in accordance with previous evidence showing that the amygdala
can be activated in response to masked stimuli that participants
were not aware of, in absence of cortical processing [30, 31] and
suggest that the beneficial effect of nature exposure on stress may
occur outside of our awareness.

Interestingly, we observed that the environment-by-time
interaction effect was mostly driven by the activity in right
amygdala, which is in line with the previous study showing lower
amygdala activity in rural compared to urban dwellers, also
lateralized to the right amygdala [21]. Exploratorily, we examined
amygdala subregions separately and found an environment-by-
time interaction (the activity remaining stable after the urban
walk, whereas descriptively decreasing after the nature walk) in
the basolateral amygdala activity, a subregion that has previously
been reported in the context of fear conditioning [41] and to be
activated during anxiety [42].

As predicted, and in line with the results on the FFT, we
observed a significant environment-by-time interaction in amyg-
dala activity also in the social stress task, the MIST, with amygdala
activity remaining stable after the walk in the urban environment
and descriptively decreasing after the walk in nature. These results
indicate that predicted effects of walks in natural environments on
stress-related brain regions occur also under conditions of social
stress. The same pattern of amygdala activity after the exposure to
the natural environment observed in both tasks, the FFT and the
MIST, suggests that a one-hour walk in nature may have had a
global beneficial effect on amygdala activity resulting in increas-
ing amygdala’s threshold for activation, regardless of the task at
hand. Since environment-by-time interaction was not observed in
the ACC or dIPFC neither in the FFT nor in the MIST, the data imply
that the amygdala may be a key stress-related brain region where
the environment has an effect.

A possible explanation for why there was no observed change
in behavioural measures after the walk may lie in the fact that the
posttest questionnaires referred to mood and stress experienced
during the previous hour, when participants were undergoing the
fMRI stress-inducing paradigm. Therefore, we believe that the
questionnaires were not able to capture the effect of the walk, but
rather the effect of the stress-inducing paradigm. In future studies,
behavioural measures should be administered in a short form as
soon as participants come back from the walk, in order to capture
the effect of the walk within both the questionnaires and the fMRI
paradigm.

However, perceived restorativeness, referring to restored
attention during the walk, was reported to be higher after the
walk in nature than after the urban walk, which is in line with the
ART [14] and previous studies [8] showing that natural environ-
ments have restorative benefits on attention. Moreover, partici-
pants who went for a nature walk enjoyed the walk more than
those who went for a walk in the urban environment, a finding
that is consistent with participants’ higher restorativeness as well
as lower amygdala activity after the walk in nature.
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According to ART, natural environments restore cognition,
whereas within the SRT framework, nature-induced restoration is
related to recovery from stress. Even though ART and SRT are
complementary theoretical frameworks [8, 9], in the context of this
study, ART would emphasize restored cognition and therefore
effects in cognitive brain areas, whereas SRT would focus rather on
the importance of stress-related brain areas. Since the results
show a decrease in stress-related brain areas (bilateral amygdala)
after the walk in nature, and no change in cognition-related brain
areas (dIPFC and ACC), the brain data of the present study are
more strongly in line with SRT.

To the best of our knowledge, this is the first study to
demonstrate the causal effects of acute exposure to a natural vs.
urban environment on stress-related brain regions, disentangling
positive effects of nature from negative effects of city. We
demonstrated that amygdala activation decreased during a stress
task after nature exposure, whereas it remained stable after urban
exposure. This strongly argues in favor of the salutogenic effects
of nature as opposed to urban exposure causing additional stress.

The results presented may reveal the mechanism behind the
long-term effects of the environment on stress-related brain
regions. The decrease in amygdala activity as a result of acute
exposure to nature might be a mechanism explaining lower
amygdala activity during stress in rural dwellers [21] and higher
structural amygdala integrity in citizens who live close to urban
forests [43]. Repeated exposures to nature may beneficially affect
amygdala by increasing its threshold for activation, resulting in
lower amygdala activity during stress and higher amygdala
integrity in habitants who live close to natural environments.

Detrimental effects of urban environments related to higher
schizophrenia incidence in cities, like social stress, might be
attenuated with exposure to natural environments through
decreased stress-related amygdala activation. Since schizophrenia
has been related to urban upbringing [4] and amygdala alterations
[44], spending time in urban nature (green prescription) and
consequently decreasing amygdala engagement may buffer the
disadvantageous impact of the city and serve as a preventive
measure against developing schizophrenia. Higher association
between urbanicity and schizophrenia in recent birth cohorts and
rapidly increasing urbanization suggest that effects of urban
environment may increase in the future [4], underlining the
responsibility of urban planning to focus on modifying current
and future cities to provide accessible green spaces in order to
improve citizens’ mental health.

One of the limitations of the study is the lack of evidence that
the masked facial stimuli in the FFT were not consciously
perceived, since we have not explicitly tested for this. We would
recommend that future studies perform a perceptual control task
in order to ensure that participants did not consciously perceive
the masked stimuli. Secondly, it is not clear which aspects of
nature are driving the effect of the decrease in amygdala
activation after exposure to natural environment. Therefore, future
studies should aim to pinpoint specific features of nature that are
beneficial and drive the decrease in amygdala activity (e.g., green
color, sound, odors, terpenes etc.) in order to understand why
nature induces restorative processes and, consequently, to make
nature-based therapy more efficient. Thirdly, even though the
Grunewald forest path where the participants went for a walk is
isolated from the city, participants might have seen other people
engaged in spare time activities, such as walking or exercising,
which could have contributed to higher relaxation and lower
amygdala activity after the walk in nature compared to the urban
walk. Hence, future studies should control for number of people
encountered during the walk as well as for their affective state,
since this may be different in natural and urban environments.
Fourthly, different natural environments may have different
effects on participants (e.g., a forest could elicit fear instead of
relaxation [45] and walking in a tended forest may have a more
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positive impact on well-being than walking in a wild forest [46]).
Therefore, future studies should examine changes in stress-related
brain regions after exposure to different types of natural
environments, for example to an urban park or a botanical
garden. Finally, since the assignment of meaning to nature likely
differs across cultures [47, 48], future research should try to
include participants from different cultural backgrounds in order
to examine whether the beneficial effects of nature on stress-
related brain regions differ across cultures.

To conclude, our results demonstrate that exposure to nature
for one hour decreases amygdala activity and can have
salutogenic effects on brain regions related to stress. This suggests
that going for a walk in nature may buffer detrimental effects of
urban environment on stress-related brain regions, and in turn
potentially act as a preventive measure against developing a
mental disorder.

DATA AVAILABILITY
The data supporting the findings of this study are publicly available at https://osf.io/
5m2qv/.

CODE AVAILABILITY
The code associated with the data analysis within this study as well as tasks-related
code is publicly available at https://osf.io/5m2qv
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Supplementary information

METHODS
Location of the walks

As recommended in a recent review!, we report the geographic location of the walks as well as the
landscape features. The walk in nature took place in Grunewald forest in Berlin, Germany (Fig. 2b),
close to the MRI laboratory (6.7 km, reached within approximately 15 minutes by taxi). The
participants walked along Teltower Weg, a path starting at a crossroads between Konigsweg and
Teltower Weg, spanning towards the north of Grunewald. At over 3000 hectares, Grunewald forest is
the largest green area in the city of Berlin. The vegetation of the area is mainly composed of conifers
and Betulaceae. Some areas of Grunewald forest are nature reserves and therefore forbidden to visit to
protect local fauna, especially amphibians and birds. Apart from the river Havel which forms small
islands and a peninsula, Grunewald forest is rich in lakes and ponds, however, the walking route did
not pass any water. There are no built structures nor was there any traffic noise during the walking
route the participants undertook. Since Grunewald is a recreative forest, it has many paths that people
mostly use for walking, jogging, or riding a bicycle.

The urban walk took place in SchloBstralle, a busy street in Berlin-Steglitz (Fig. 2¢), close to
the MRI laboratory (2.1 km, reachable in approximately 10 minutes by taxi), which consists of two to
four traffic lanes. SchloBstrale is one of Berlin's shopping areas, with three shopping malls and three
subway stations. Participants were dropped off by the taxi at SchloBstraBe 84 and walked northeast,
towards Rheinstralle. The participants walked along the sidewalk and could see other people, traffic,
buildings, shopping malls, and smaller shops. In SchloBstral3e, however, as in most of Berlin’s streets,

there were also trees, mostly on the sidewalk and on the traffic dividers.
Montreal Imaging Stress Task (MIST)

The Montreal Imaging Stress Task (MIST), a computerized fMRI-adapted task?, was presented via
same projector and mirror system as the FFT and the participants also answered using a response box.
In the beginning of the task there was a training session in which the participants’ ability to perform
mental arithmetic was evaluated, without time limit and a progress bar, to set a default time limit in

the Experimental condition.



In the Experimental condition (Suppl. Fig. 1, left), the MIST program reduced the time limit
to 10% less than the participant’s average time after three correctly solved tasks. When the participants
responded incorrectly on three consecutive tasks, the program increased the time limit for the
following tasks by 10%. This staircase procedure in the Experimental condition leads to a range of
about 20% to 45% of correct answers>. In the Experimental condition the information about individual
performance and a fake-average performance of all participants was presented after each response with
arrows on a performance bar above arithmetic tasks in order to induce social stress. The mathematical
arithmetic tasks were designed so that only one digit between 0 and 9 was the correct response. To
respond, participants selected a digit on the rotary dial from 0 to 9 by pressing the left or the right
button on the button box to highlight the neighboring left or right number until they reached the number
they intended to respond with; in that case the middle button was used to confirm the answer. The
participant’s answer was compared with the correct answer for the arithmetic task and the feedback
“Correct” or “Incorrect” was shown in the feedback field. If the time for the arithmetic task ran out,
the feedback “Time out” was displayed.

In the Control condition (Suppl. Fig. 1, middle), the mental arithmetic tasks were as difficult
as in the Experimental condition. However, the tasks had no time limit and the performance bar
comparing the participant’s performance and the fake-average performance was not displayed. The
feedback for each task was also displayed, but since there was no time limit, average correct
performance in the Control condition is around 80% to 90%>.

Rest condition (Suppl. Fig. 1, right), the participants saw the rotary dial and empty fields for
arithmetic tasks and the feedback, but no task was displayed and the participants were asked to simply
look at the screen.

The order of the three conditions was randomized within 6 versions of the MIST and the task
sequence lasted 14 minutes and 8 seconds. The MIST was retrieved from

https://www.millisecond.com, adapted to German language and presented by means of the software

Inquisit (version: 5.0.14.0). The code for the MIST together with the stimuli used in this study is openly

available at https://osf.io/5Sm2qv

Social-Evaluative Threat task (SET)

The Social-Evaluative Threat task (SET)’ is a modified version of the Trier Social Stress Test*. While
in the MRI scanner, after a baseline phase of two minutes, participants were instructed to prepare for
two minutes a 7-minutes speech on the topic “Why am I a good friend?”, that they would have to

perform in the scanner while being audio- and video-recorded. After the stressor phase, during which


https://www.millisecond.com/
https://osf.io/5m2qv

fMRI data were acquired, participants were informed that they were randomly selected not to give the
speech. The SET task was introduced in order to induce social stress and was presented only at posttest
in order to enhance the credibility of the paradigm. At the end of the experiment, during debriefing,
participants were informed that no participant had to give the talk. Due to scope of this paper and SET
data analysis that differs from the FFT and MIST analysis, the results on the SET task are not reported

on here.

Behavioural data

Behavioural measures included questionnaires assessing mood (German version of Positive and
Negative Affect Schedule, PANAS?®), perceived stress during previous hour (adapted German version
of Perceived Stress Scale, PSS®), rumination during previous hour (adapted Rumination subscale from
German version of Rumination Reflection Questionnaire, RRQ’), and perceived restorativeness
(German version of Perceived Restorativeness Scale, PRS®), in addition to a Digit Span Backwards
(DSB) task assessing working memory’. All behavioural measures were administered at pretest and
posttest, except for the PRS which assesses the perceived restorativeness of an environment and was,
therefore, reasonable to use only after the walk. Additionally, participants filled out a
sociodemographic questionnaire, reported on the weather during the walk as well as the overall
pleasantness of the walk, and responded to a German version of the Connectedness to Nature
questionnaire'’.

Questionnaires that were administered at pretest and posttest (PANAS, PSS, RRQ) and the
DSB task were analyzed using a two-way ANOVA with time as a within-subject factor (before the
walk vs. after the walk) and the environment as a between-subject factor (urban vs. natural
environment). Due to technical problems, there were missing data for one participant on the DSB task,
PANAS, and PSS. Behavioural data from one participant who dropped out at posttest were excluded.
As preregistered, participants who scored below or above 2.5 standard deviations from the mean were
treated as outliers and excluded from the analyses. Two outliers in the PANAS subscale Negative
Affect and in the DSB task were detected and therefore excluded from further analysis. The final
sample size for each behavioural measure are reported in the Supplementary Table 8.

PANAS subscale Positive Affect and the RRQ subscale Rumination met the normality
assumption and were analyzed using the ezZANOV A function from the R package ez''. However, since
the Shapiro-Wilk normality test indicated that the data were not normally distributed across groups in
the PANAS subscale Negative Affect, in the PSS as well as in the DSB, the data for these measures
was analyzed with robust ANOVA using the R package WRS2'2. The Shapiro-Wilk normality test



showed that the data normality assumption was not met in the PRS and the question about the
pleasantness of the walk, therefore a two-tailed Wilcoxon rank sum test for independent samples was
performed, with environment as the independent variable (urban vs. natural environment). The

analyses were performed using R software (https://cran.r-project.org/src/base/).

Physiological data

High frequency power band (HF) of heart rate variability (HRV) from the blood volume pulse was

13-16  whereas low frequency divided by high

selected as a measure of parasympathetic activity
frequency power band (LF/HF) from HRV and heart rate (HR)'* '* were used as an index of
sympathetic activity'>2!. LF/HF ratio was computed based on the pre-processed values of LF and HF
power band of HRV. HR values were taken directly form the wristband raw data. Electrodermal
activity (EDA) signal was decomposed into its phasic and tonic components, and the phasic component
was taken as an indicator of sympathetic activity’> 2>. EDA and blood volume pulse were first

preprocessed using the pyPhysio library?* in Python (https://www.python.org/).

A fixed-length windowing approach was employed?, resulting in signal indicators’ average
for each minute. Since the walk lasted up to 60 minutes, the first 54 minutes of the walk were taken
into analysis and split into three 18-minute time windows. In order to examine if there was a significant
difference in physiological indicators of stress during the walk in the urban vs. natural environment,
independent samples t-tests were performed on EDA phasic component, HR, HF power band of HRV
and LF/HF ratio of HRV. Physiological indicators of stress were compared between the urban and the
natural environment for each of the three 18-minute time windows. Data in time-window 2 and 3 of
LF/HF ratio was non-normally distributed, thus a Wilcoxon signed rank test was performed. Since the
physiological data of 11 participants were not recorded due to technical difficulties, 52 participants
were included in the physiological data analysis. The EDA signal of one participant was too low to be
detected after signal processing in Python, resulting in a subsample of 51 participants in the EDA

phasic component analysis.
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Supplementary Figures

Supplementary Fig. 1: Montreal Imaging Stress Task (MIST) in each of the

conditions.
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Supplementary Fig.1. Graphical user interface of the Montreal Imaging Stress Task (MIST) in each of the
conditions. Left: Experimental condition with a bar representing participant’s performance (bottom arrow) and
fake-average performance (top arrow), the mental arithmetic task, the field showing remaining time for the task,
the feedback field and the rotary dial for the response submission; Middle: Control condition with the mental
arithmetic task, the feedback field and the rotary dial; Right: Rest condition with the rotary dial and without
mental arithmetic task and feedback.



Supplementary Fig. 2: Basolateral amygdala activity during the Fearful Faces

Task before and after the walk in the urban and in the natural environment.
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Supplementary Fig. 2. Bilateral basolateral amygdala activity during the Fearful Faces Task (pooled activity
during fearful faces and neutral faces) before and after the walk in the urban and in the natural environment.
Top left: Basolateral amygdala, derived from the SPM Anatomy Toolbox?.

Note: Error bars represent one standard error of the mean.



Supplementary Fig. 3: Amygdala activity during the Montreal Imaging Stress

Task before and after the walk in the urban and in the natural environment.
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Supplementary Fig. 3. Bilateral amygdala activity during Montreal Imaging Stress Task before and after the
walk in the urban and in the natural environment. Left: Amygdala activity (beta values) in the Experimental
condition. Right: Amygdala activity (beta values) in the Control condition. Middle: Region of interest, the
bilateral amygdala activity as defined in Automated Anatomic Labelling Atlas 2.

Note: Error bars represent one standard error of the mean.



Supplementary Fig. 4: Perceived restorativeness of the walk in the urban and in

the natural environment.
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Supplementary Fig. 4. Score on Perceived Restorativeness Scale after the walk in the urban and in the natural
environment.

Note: Error bars represent one standard error from the mean. Significant differences are indicated with asterisks
(*** P<0.001).



Supplementary Tables

Supplementary Table 1: Control variables values in the urban and in the natural

environment.
Variable Urban Nature
(n=31) (n=32) X2/t df P value
Age (mean £ SD) 28.58 £7.41 25.87+£5.52 1.64  55.40 0.107
Sex: female (%) 45 47 0.02 1 0.891
Country of origin: Germany (%) 84 91 0.65 1 0.421
Upbringing: grew up in a city (%) 58 66 0.38 1 0.537
Income: under 1250 euros (%) 71 87.5 2.63 1 0.105
Occupation: students (%) 65 75 0.82 1 0.365
Education: high school diploma (%) 90 91 0.002 1 0.967
Day time: afternoon sessions (%) 45 47 0.02 1 0.891
Air temperature® (mean + SD) 16.05 £5.12 14.72 £5.37 1.00  60.99 0.319
Humidity (%) 68.26+17.82 72.62+19.06 -0.94 60.93 0.351
Cloudiness? (mean + SD) 5.71 +£1.99 6.25+ 1.85 -1.12  60.35 0.269

Sunny: minutes during
30.65+22.62 2038+22.10 1.82 60.81 0.073
60-minute walk (mean + SD)

Rainy: walks in the rain (%) 29 31 0.88 1 0.348

Note: Weather values refer to 60 minutes of the walking time; weather data were obtained from the German
Meteorological Service (https://www.dwd.de/); df = degrees of freedom; SD = standard deviation; n = 63

4Degrees Celsius (°C)

Y Amount of cloudiness on an 8-point scale


https://www.dwd.de/

Supplementary Table 2: Coordinates and anatomical regions significantly

activated in the Experimental > Control condition in the Montreal Imaging
Stress Task (MIST)

t

Anatomical region (peak level) Voxels X y //
left insula 3.92 129 -15 26 17
right postcentral gyrus 4.37 75 21 -34 62
left superior temporal gyrus 4.01 66 -48 -37 11
left inferior parietal lobule 3.80 40 -39 -25 29

Note: Statistical threshold at P < 0.001, uncorrected, while controlling for multiple testing on the cluster level
using 3DClutSim within AFNI (Analysis of Functional Neuroimages)®’, k > 34. Anatomical regions were
identified using xjView toolbox (https://www.alivelearn.net/xjview).

10



Descriptive statistics and ANOVA results for brain regions of interest

activity in the Fearful Faces Task

Supplementary Table 3: Descriptive statistics and ANOVA results for brain
regions of interest activity during fearful faces (Fear condition) in the Fearful

Faces Task.

Mean +SD
Urban Nature
ROI (n=31) (n=32) df F Pvalue n’%
pretest posttest pretest posttest
Bilateral
0.08+0.08 0.09+£0.06 0.08+0.06 0.04+£0.08 61 6.11 0.016* .04
amygdala

ACC -0.01 £0.06 0.00+0.05 -0.01+£0.05 -0.02+0.05 61 151 0.224 .01

dIPFC 0,04 +0.05 -0.02+0.04 -0.02+0.05 -0.03+0.04 61 2.16 0.147 .02

Note: Descriptive statistics and a two-way mixed ANOVA interaction effect of factors environment (urban vs.
natural) and time (pretest vs. posttest) for each of the region of interest during fearful faces (Fear condition);
ROI = region of interest; SD = standard deviation; df = degrees of freedom; n’;= generalized eta-squared effect
size; ACC = anterior cingulate cortex; dIPFC = dorsolateral prefrontal cortex.

*P<0.05
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Supplementary Table 4: Descriptive statistics and ANOVA results for brain
regions of interest activity during neutral faces (Neutral condition) in the Fearful

Faces Task.

Mean = SD
Urban Nature
ROI (n=231) (n=32) df F Pvalue 7’
pretest posttest pretest posttest
Bilateral
0.07+0.08 0.08+0.06 0.07£0.06 0.03+0.08 61 4.86 0.031* .03
amygdala

ACC -0.01 £0.06 -0.01+0.06 0.00+0.06 -0.02+0.06 61 0.81 0.371 .01

dIPFC 003 +0.05 -0.02+0.05 -0.02+0.04 -0.03+0.04 61 057 0455 .00

Note: Descriptive statistics and a two-way mixed ANOVA interaction effect of factors environment (urban vs.
natural) and time (pretest vs. posttest) for each of the region of interest during neutral faces (Neutral condition);
ROI = region of interest; SD = standard deviation; df = degrees of freedom; n’;= generalized eta-squared effect

size; ACC = anterior cingulate cortex; dIPFC = dorsolateral prefrontal cortex.
*P<0.05
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Supplementary Table 5: Descriptive statistics and ANOVA results for pooled
activity of brain regions of interest during fearful and neutral faces (Fear and

Neutral condition) in the Fearful Faces Task.

Mean +SD
Urban Nature
ROI (n=31) (n=32) df F Pvalue 1%
Bilateral
0.07+£0.08 0.08+£0.06 0.08+£0.06 0.03+0.08 61 581 0.019* .04
amygdala

ACC -0.01+£0.06 0.00£0.06 0.00+0.05 -0.02+0.05 61 1.18 0.282 .01

dIPFC  _0.03+£0.05 -0.02+0.05 -0.02+0.04 -0.03+0.04 61 129 0261 .01

Note: Descriptive statistics and a two-way mixed ANOVA interaction effect of factors environment (urban vs.
natural) and time (pretest vs. posttest) for each of the region of interest during Fearful Faces Task (pooled
activity during fearful faces and neutral faces); ROI = region of interest; SD = standard deviation; df = degrees

of freedom; n’,= generalized eta-squared effect size; ACC = anterior cingulate cortex; dIPFC = dorsolateral
prefrontal cortex.
*P<0.05
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Descriptive statistics and ANOVA results for brain regions of interest

activity in the Montreal Imaging Stress Task (MIST)

Supplementary Table 6: Descriptive statistics and ANOVA results for brain
regions of interest activity in the Montreal Imaging Stress Task (MIST).

Mean = SD
Urban Nature
ROI (n=31) (n=32) df F Pvalue 7%
pretest posttest pretest posttest
Bilateral
-0.24+£0.54 -0.12+0.63 -0.21£0.75 -0.50+£0.72 61 5.07 0.028* .02
amygdala

ACC 0.00+045 0.08+0.63 -0.10£0.56 -036+0.74 61 3.16 0.080 .02

dIPFC  0.01+0.41 0.00+0.48 -0.02+0.40 -021+049 61 2.16 0.146 .01

Note: Descriptive statistics (pooled activity of Experimental and Control condition) and environment-by-time
interaction effect within a 2x2x2 ANOVA of factors environment (urban vs. natural), time (pretest vs. posttest)
and condition (Experimental vs. Control) for each of the region of interest in the Montreal Imaging Stress Task;
ROI = region of interest; SD = standard deviation; df = degrees of freedom; n’;= generalized eta-squared effect

size; ACC = anterior cingulate cortex; dIPFC = dorsolateral prefrontal cortex.
*P <0.05
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Supplementary Table 7: Descriptive statistics of behavioural variables.

Urban Nature
Variable pretest posttest pretest posttest
Positive affect? (mean + SD) 29.63+£5.86 26.80+£6.80 | 27.87+4.53 24.42+8.42

Negative affect® (median + IOR) 12.00+4.00 12.00+4.00 | 12.00+3.00 14.00 + 7.00

Perceived stress® (median + /QR) 16.00 £ 6.50 26.50+8.50 | 17.00+6.50 27.00+13.00

Ruminationd (mean + SD) 36.65+8.73 36.65+9.98 | 42.03+9.62 41.13+9.82

Working memory® (median + /QR) 9.00+3.00 9.00+2.50 8.00 £2.50 9.00 +3.00

Note: SD = standard deviation; /QR = interquartile range.

apositive and Negative Affect Schedule (PANAS), subscale Positive Affect. Score ranging from 10 to 50.
bpositive and Negative Affect Schedule (PANAS), subscale Negative Affect. Score ranging from 10 to 50.
CPerceived Stress Scale. Score ranging from 10 to 50.

dRumination Reflection Questionnaire, subscale Rumination. Score ranging from 12 to 60.

®Digit Span Backwards task. Score ranging from 0 to 14.

Supplementary Table 8: ANOVA results of behavioural data.

Variable n df F Pvalue
Positive affect 61 59 0.13 0.719
Negative affect 59 30.47 1.50 0.231
Perceived stress 61 33.93 0.00 0.981
Rumination 62 60 1.42 0.237
Working memory 59 33.90 0.02 0.884

Note: Two-way mixed ANOVA interaction effect of factors environment (urban vs. natural) and time (pretest
vs. posttest). The sample size is different because of different number of outliers and data not recorded due to
technical problems; n = sample size; df = degrees of freedom.
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Supplementary Table 9: T-test results of physiological indicators of stress.

Urban Nature
Variable Time window df t P value
Mean = SD
(n=26) (n=25)
Time window 1 0.10+£0.16 0.10+£0.17 4791 -0.00 0.99
EDA
phasic Time window 2 0.14+0.14 0.15+0.17 45.21 0.12 0.90
Time window 3 0.29+£0.32 0.23+0.21 42.63 -0.84 0.40
n=26 n=26
( ) ( ) 47.48 -0.06 0.95
Time window 1 69.82 £ 13.03 69.59 + 16.47
HR Time window 2 79.18 £ 14.35 79.67 £20.18 45.14 0.10  0.92
Time window 3 83.11 £14.35 82.98 £17.20 48.45 -0.03 098
(n=26) (n=26)
. . 50.00 -0.18 0.86
HF Time window 1 797.68 £ 73.49 794.31 £ 64.81
power
band of Time window 2 789.13 £ 66.51 799.85+ 71.66 49.72 0.56  0.58
HRV
Time window 3 785.05 +71.37 803.15+92.97 46.87 0.79 0.44
(n=26) (n=26)
Time window 1 0.76 £0.08 0.74 £0.09 50.00 -0.56 0.58
LF/HF
Median £ IQR V4 P value
of HRV
Time window 2 0.71 £0.09 0.72 £0.08 1.75  0.96
Time window 3 0.73 £0.06 0.74 £0.12 0.39 0.65

Note: Results from the t-test analysis examining differences on physiological indicators of stress during the
walk in the urban vs. natural environment; Data in time-window 2 and 3 of LF/HF ratio of HRV was non-
normally distributed, thus a Wilcoxon signed rank test was performed. SD = standard deviation; /QR =
interquartile range; n = sample size; df = degrees of freedom. EDA phasic = phasic component of electrodermal
activity; HR = heart rate; HF power band of HRV = high frequency power band of heart rate variability; LF/HF
of HRV= low frequency power band divided by high frequency power band of heart rate variability.
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Supplementary Table 10: Descriptive statistics and results on Perceived

restorativeness
Median + IQR
Urban Nature n b4 P value r
(n=31) (n=31)
Perceived
5.58+£2.21 7.75 £ 1.50 62 -3.85 0.00071 *** 0.49
restorativeness?

Note: Wilcoxon rank sum test examining differences on Perceived restorativeness after the walk in the urban
vs. natural environment; Due to non-normal data distribution, Wilcoxon rank sum test was performed; /QR =
interquartile range; n = sample size; r = effect size (calculated as absolute value of the z score divided by the
square root of the sample size).

perceived restorativeness scale. Scale ranging from 1 to 10.
*¥**p <0.001
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Urban dwellers are more likely to develop mental disorders such as mood
and anxiety disorder as well as schizophrenia compared to rural dwellers.
Moreover, it has been demonstrated that even short-term exposure to
nature can improve mood and decrease stress, but the underlying neural
mechanisms are currently under investigation. In the present intervention
study we examined the effects of a one-hour walk in an urban vs. natural
environment on activity in the amygdala, a brain region previously associated
with stress processing. Before and after the walk 63 participants underwent an
fMRI paradigm inducing social stress. Since there is a pronounced gap in the
literature regarding interindividual differences in stress-related neural effects
of urban and natural environments, we set out to explore sex differences.
We observed that amygdala activity decreased after the walk in nature, but
only in women, suggesting that women may profit more from salutogenic
effects of nature. Moreover, performance on the arithmetic tasks improved
in women after the walk in nature, whereas men performed better after the
walk in the urban environment. To our knowledge, this is the first study to
report differencial tendencies in men and women concerning the stress-
related neural activity as an effect of acute exposure to urban vs. natural
environments. Furthermore, our findings highlight the importance of sex
differences when exploring effects of the environment on brain function and
stress. Evidence for beneficial effects of nature on stress-related brain regions
may inform urban design policies to focus on providing more accessible green
areas in cities and this study suggests that sex differences in experiencing the
environment should be taken into consideration.

KEYWORDS

environment, nature, urban, sex, brain, amygdala, stress

Introduction

Although living in an urban environment may have benefits, such as accessibility to
education, social services, and amenities (Cohen, 2006), it is likewise linked to increased
levels of mental disorders such as mood and anxiety disorders, depression and
schizophrenia (Peen et al., 2007). Moreover, it has been repeatedly shown that short visits

01 frontiersin.org


https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2022.931905%EF%BB%BF&domain=pdf&date_stamp=2022-09-27
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.931905/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.931905/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.931905/full
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://doi.org/10.3389/fpsyg.2022.931905
mailto:sudimac@mpib-berlin.mpg.de
https://doi.org/10.3389/fpsyg.2022.931905
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Sudimac and Kuhn

to nature can be beneficial to cognition and mental health. A
growing body of empirical research has demonstrated affective
(White et al., 2013; Berto, 2014; Barnes et al., 2019) and cognitive
benefits of nature exposure (Berman et al., 2008; Ohly et al., 2016;
Stevenson et al., 2018).

The pathways and mechanisms by which nature influences
psychological well-being are still unclear. The biophilia hypothesis
(Wilson, 1984) states that humans feel an innate affection towards
all living beings and that this attitude is rooted in our evolutionary
past. Based on this account, Attention Restoration Theory (ART)
(Kaplan and Kaplan, 1989) proposes that exposure to natural
environments restores voluntary attention. Since nature is filled
with intrinsically fascinating stimuli (e.g., trees, lakes), it evokes
involuntary attention, allowing voluntary attentional processes to
recover. Therefore, after exposure to a natural environment,
abilities that depend on voluntary attentional mechanisms, such
as working memory, should improve (Berman et al., 2008). In
accordance with ART, it has been shown that short-term exposure
to nature can restore directed attention and improve cognitive
capacity (Berman et al., 2008; Ohly et al., 2016; Stevenson et al.,
2018). In contrast, Stress Reduction Theory (SRT) (Ulrich et al.,
1991) posits that features found in nature such as vegetation,
complexity and absence of threat evoke affective responses that
lead to restorative processes. In line with SRT, several studies have
demonstrated that exposure to natural environments can improve
mood (Berman et al., 2008; Hartig et al., 2014; McMahan and
Estes, 2015) and have beneficial effects on stress (Oh et al., 2017;
Tost et al., 2019). These results are also supported in studies with
physiological indicators of stress, showing that heart rate, blood
pressure, and cortisol levels decreased after exposure to natural
compared to the urban environments (Park et al., 2010; Lee et al.,
2011; Mao et al., 2012; Ochiai et al., 2015; Lanki et al., 2017; Ewert
and Chang, 2018).

However, the neural mechanisms behind the effects of nature
and urban exposure on stress remain largely unstudied. In cross-
sectional studies, a positive association was shown between forest
coverage around older adults’ home and amygdala integrity (Kithn
etal., 2017), as well as lower amygdala activity during social stress
in rural compared to urban dwellers (Lederbogen et al., 2011),
indicating that nature in the neighborhood may have salutogenic
effects on the amygdala. On the other hand, research investigating
the brain-related effects of short-term exposure to natural vs.
urban environment has focused on rumination. A study in which
participants went on a 90-min walk in an urban vs. a natural
environment showed that self-reported rumination as well as
activity in the subgenual prefrontal cortex (sgPFC), associated
with rumination, decreased only after the walk in nature,
suggesting that exposure to nature may be beneficial in reducing
rumination and activity in its neural correlates (Bratman
etal., 2015).

To examine the causal effects of acute exposure to natural and
urban environments on stress-related neural mechanisms, we
conducted a functional magnetic resonance imaging (fMRI)
intervention study, measuring a change in stress-related brain
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regions after a one-hour walk in an urban vs. a natural
environment. We observed that during the Fearful Faces Task
(FFT), activity in the amygdala, a stress-related brain region,
decreased after the walk in nature, whereas it remained stable after
the walk in an urban environment, indicating that acute exposure
to nature may have salutogenic effects on stress-related brain
regions (Sudimac et al., 2022).

Social stress (Lederbogen et al., 2013), experiences due to
overcrowding (Kennedy et al., 2009), and lack of green areas in
cities (Van den Berg et al., 2010) have been proposed as potential
causes of disadvantageous effects of urban environments on
mental health. Thus, it has been suggested that spending time in
green spaces can attenuate social stress present in urban dwellers
(Ulrich et al,, 1991). In order to examine the neural mechanism
underlying social stress after a walk in a natural vs. urban
environment, we employed the Montreal Imaging Stress Task
(MIST), a paradigm designed to induce social stress. Comparable
to the results of the FFT, a differential effect of environment was
observed in the MIST, showing that amygdala activity descriptively
decreased during the social stress task only after the walk in
nature, suggesting that a one-hour exposure to nature was
beneficial for amygdala activity during social stress (Sudimac
etal., 2022).

However, little is known about the role of interindividual
differences in experiencing urban and natural environments,
such as sex. It has been previously shown that women are more
connected to nature (Zhang et al., 2014; Dean et al., 2018; Rosa
et al., 2020) and appreciate nature’s beauty more than men
(Zhang et al., 2014). Studies with children have also shown that
girls display stronger emotional affinity toward nature than boys
(Bagot and Gullone, 2003; Larson et al., 2010). Furthermore, it
has been reported that women are more eco-friendly and more
concerned about the environment than men (Zelezny et al.,
2000). Women consume less carbon and purchase more green
products (Zhao et al., 2021) and, as reported in a cross-national
study, they show pro-environmental behavior more frequently
than men (Hunter et al., 2004). Sex differences were likewise
observed in the relation between urban upbringing and brain
structure. Namely, gray matter volume in perigenual anterior
cingulate cortex (pACC), a key region for regulation of
amygdala activity (Pezawas et al., 2005) previously related with
urbanicity and stress (Lederbogen et al., 2011), was negatively
correlated with years spent in a city during childhood, but only
in men (Haddad et al., 2015).

Since sex differences were reported in connectedness to nature
(Zhang et al., 2014; Dean et al., 2018; Rosa et al., 2020) and in the
association between urban upbringing and gray matter volume
(Haddad et al., 2015), in this paper we aimed to explore potential
sex differences in amygdala activity change after the walk in the
natural vs. urban environment.

Based on the aforementioned literature, we predicted that the
walk in nature would have a more beneficial effect for amygdala
activity in women compared to men. Furthermore, based on the
previous studies showing that exposure to nature is beneficial for
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attention and cognitive capacity (Berman et al.,, 2008; Ohly et al.,
2016; Stevenson et al, 2018), and taking into account the
importance of exploring interindividual differences such as sex
when investigating the effects of man-made environments on
cognition (Tawil et al, 2021), we predicted that cognitive
performance on the MIST would improve after the nature
compared to the urban walk and examined potential sex differences.

Materials and methods
Participants

The sample consisted of 63 participants (29 females, total
mean age=27.21years, SD =6.61, age-range = 18-47 years). The
participants were pseudo-randomly assigned either to a nature (32
participants) or an urban walk (31 participants), while controlling
for equal distribution of men and women. Participants’ age,
occupation, education, income and percentage of participants
brought up in a city did not significantly differ between the two
groups. An overview over the control variables in the two
conditions and details about participant recruitment were
previously reported elsewhere (Sudimac et al., 2022). Participants
were told that they would take part in a magnetic resonance
imaging (MRI) study in which they would go for a walk, but were
not informed about the research question of the study. All
participants were fluent in German, right-handed, and were not
diagnosed with any psychological or neurological disorder.

The study was approved by the Local Psychological Ethical
Committee at the Center for Psychosocial Medicine at University
Medical Center Hamburg-Eppendorf in Hamburg, Germany
(LPEK-0054). We obtained written informed consent from all
participants and they received monetary compensation.

Study procedure

The experiment was conducted in late summer/fall 2019
between 10:00a.m. and 5:00 p.m. The flowchart of the study
procedure is shown on Figure 1. Upon arrival, participants signed
the informed consent, filled out the questionnaires and performed
a working memory task. Subsequently, the participants underwent
an fMRI scanning procedure that included a resting state sequence
with questions on rumination (Kithn et al.,, 2013), the MIST
(Dedovic et al., 2005) and the FFT (Mattavelli et al., 2014). After
the scanning session, participants were randomly assigned to a
60-min walk in either a natural (Figure 2, left) or urban
environment (Figure 2, right). Even though the definition and also
the dichotomy of ‘natural’ and ‘urban’ environment has been a
subject of debate (Karmanov and Hamel, 2008), the ‘natural
environment we refer to is an urban forest, the largest green area
in the city of Berlin (Grunewald forest; Figure 2, left), whereas
‘urban environment’ refers to a busy street in one of the city
centers in Berlin with shopping malls (Schlofistraf3e; Figure 2,
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right). As recommended in a recent review (Barnes et al., 2019),
we previously reported the exact locations of the walk and the
characteristics of the urban and natural environments (Sudimac
etal., 2022).

The participants were shown the walk on a map (straight path)
and subsequently they were picked up at the lab and brought by taxi
to the starting point of the walk. They carried a mobile phone that
logged their global positioning system (GPS) data during the walk,
to ensure that they walked the intended route. Participants went on
the walk alone and were instructed not to enter shops or use their
mobile phones, to avoid potential distraction. They were given a
bagged lunch that they could eat during the walk. After 30 min, an
alarm signal went off on the phone, and participants were instructed
to turn around and continued the walk back to the starting point.
Here they were picked up by a taxi and brought back to the lab.

After the walk the same fMRI scanning procedure was
repepated, with one additional stress-inducing task, the Social-
Evaluative Threat task (SET; Wager et al, 2009), a modified
version of the Trier Social Stress Test (TSST; Kirschbaum et al.,
1993), also meant to induce social stress and administered only
after the walk at the end of the MRI session, since we reasoned the
cover story would not have been credible twice. Finally,
participants filled out the questionnaires and were debriefed and
informed about the aim of the study.

Functional imaging paradigm

The order of the MIST and the FFT was counterbalanced
between participants, but their respective order was the same for
each participant at pretest and posttest. The tasks were presented
via a projector and mirror system and the participants answered
using an MR-compatible response box.

Montreal Imaging Stress Task

The Montreal Imaging Stress Task (MIST; Dedovic et al., 2005)
is a computerized fMRI-adapted paradigm, based on the TSST
(Kirschbaum et al., 1993) and was administered in order to induce
social stress, since the SRT hypothesizes that nature’s restorative
potential is most evident when the individual is stressed (Ulrich
etal, 1991). In the MIST participants solve mental arithmetic tasks
with a difficulty and time limit designed to be just beyond
participant’s cognitive capacities. The MIST consisted of three
different conditions: Experimental, Control, and Rest.

In the beginning of the task there was a training session in
which the participant’s ability to perform mental arithmetic was
evaluated, without a time limit or progress bar, to calibrate for a
default time limit in the Experimental condition. In the
Experimental condition the information about individual
performance and a fake-average performance of all participants
was presented after each response with arrows on a bar above the
arithmetic tasks (Figure 3, above left). This fake-average
performance was consistently considerably better than the
individuals performance in order to enhance social stress. In the
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FIGURE 1

Flowchart of the study procedure. Upon arrival participants filled out the questionnaires and then underwent the fMRI scanning procedure,
consisting of Montreal Imaging Stress Task (MIST) and Fearful Faces Task (FFT). Subsequently, participants were randomly assigned to go either for
a 60-min walk in either a natural or an un urban environment. After the walk participants again underwent the fMRI procedure and at the end they
filled out the questionnaires.

kNature route = Grunewald Forest y

\Urban route — SchloBstrale )

FIGURE 2
Location of the nature and urban walk. Left: Sample picture of the route in the natural environment in Grunewald forest, the largest green area in
the city of Berlin. Right: Sample picture of the walk in the urban environment SchloRstrae, a busy shopping area with traffic in Berlin.

Experimental condition, the MIST program reduced the time answer. The participant’s answer was compared with the correct
limit to 10% less than the participants’s average time after three answer for the arithmetic task and the feedback “Correct” or
correctly solved tasks. Conversely, if the participants responded “Incorrect” was shown in the feedback field. If the time for the
on three consecutive tasks incorrectly, the program increased the arithmetic task ran out, the feedback “Time out” was displayed
time limit for the following tasks by 10%. This staircase procedure (Dedovic et al., 2005).

in the Experimental condition lead to a range of about 20 to 45% In the Control condition the mental arithmetic tasks had the
of correct answers (Dedovic et al., 2005). The mathematical same level of difficulty as in the Experimental condition, but the
arithmetic tasks were designed so that only one digit between 0 participant’s performance as well as the fake-average performance
and 9 was the correct response. In order to respond, participants of all participants was not displayed and there was no time limit
selected a digit on the rotary dial from 0 to 9 by pressing the left for solving the task (Figure 3, above right). The feedback for each
or the right button on the button box to highlight the neighboring task was also displayed, but since there was no time limit, average
left or right number until they reached the number they intended correct performance in the Control condition is around 90%
to respond; in that case the middle button was used to confirm the (Dedovic et al., 2005).
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Montreal Imaging Stress Task

3*2+70-69 = ?
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Fearful Faces Task
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FIGURE 3

Graphical user interface of the Montreal Imaging Stress Task
(MIST) and the Fearful Faces Task (FFT). Above left: Experimental
condition within the MIST with a bar presenting participant’s
performance (bottom arrow) and fake-average performance (top
arrow), the mental arithmetic task, the field showing remaining
time for the task, the feedback field and the rotary dial for the
response submission; Above right: Control condition within the
MIST with the mental arithmetic task, the feedback field and
rotary dial; Below left: Example fearful facial expression stimulus
within the FFT (Fear condition); Below right: Example neutral
facial expression stimulus within the FFT (Neutral condition).

In the Rest condition, treated as a baseline, the participants
saw the rotary dial and empty fields for arithmetic tasks and the
feedback, but no task was displayed and the participants were
asked to simply look at the screen (Dedovic et al., 2005).

Fearful Faces Task

An adapted version of the Fearful Faces Task (FFT; Mattavelli
et al,, 2014) was used, designed to measure amygdala activity
during fearful and neutral facial expressions. While in the MRI
scanner, participants were presented with stimuli consisting of 15
male and 15 female faces, each depicting fearful (Fear condition;
Figure 3, below left) or neutral facial expression (Neutral
condition; Figure 3, below right). Both fearful and neutral facial
expressions were shown either for 1,000 ms (unmasked stimuli) or
for 17ms, followed by a mask with neutral facial expressions
presented for 983 ms (masked stimuli), since the amygdala has
been shown to respond to masked stimuli even when most of the
participants were not aware of their presence (Ohman et al., 2007;
Kim et al., 2010; Brooks et al., 2012).

We used the set of 60 stimuli from the FACES database by the
Max Planck Institute for Human Development in Berlin (Holland
etal., 2019), consisting of face photographs on a gray background,
matched on size and luminance. The fMRI paradigm consisted of
22 blocks with 6 pictures interleaved with a 200 ms break between
pictures. Each block was followed by a white fixation cross
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presented for 9s. In order to monitor the participants’ attention,
the fixation cross was red on two occasions and participants were
instructed to press the button on the response box as soon as they
would saw the red cross on the screen. The order of the stimuli was
randomized within 10 versions of the FFT, and the task version
was introduced in the fMRI data analysis as a covariate. The whole
task sequence lasted 8 min and 28s. The task was presented via a
projector and mirror system and the participants answered using
the response box. The FFT was presented using the software
Presentation (version: 19.0).

Behavioural data

Performance on the Montreal Imaging Stress
Task

Performance on the MIST was defined as the percentage of
correct answers and mean reaction time (RT) necessary to solve
the mental arithmetic tasks in the Experimental condition, during
social stress. The percentage of correct answers was analyzed with
a two-way ANOVA with environment as a between-subject factor
(urban vs. natural) and time as a within-subject factor (before vs.
after the walk) using the ezANOVA function from the R package
ez (Lawrence and Lawrence, 2016). The same analysis was
performed separately within subsamples of women and men.
Since the Shapiro-Wilk normality test indicated that female and
male subsamples were not normally distributed, we analyzed the
percentage of correct answers within each of the subsamples
with robust ANOVA using the R package WRS2 (Mair and
Wilcox, 2020).

In the RT analysis two participants had a RT that was more
than 2.5 SD higher than the mean, therefore they were treated as
outliers and excluded from further analysis. The RT was as well
analyzed with a two-way ANOVA with environment as a between-
subject factor (urban vs. natural) and time as a within-subject
factor (before vs. after the walk). Since the RT was not normally
distributed across the sample nor across the male subsample, the
RT analysis was also performed with robust ANOVA using the R
package WRS2 (Mair and Wilcox, 2020). The RT in the female
subsample was analyzed with ANOVA using the R package ez
(Lawrence and Lawrence, 2016).

Post-hoc t-tests were subsequently conducted for both the
percentage of correct answers and the RT in order to examine if
there were changes in performance after the walk in the urban and
in the natural environment within each of the subsamples.

Questionnaires

Behavioural measures included questionnaires assessing
mood [German version of Positive and Negative Affect Schedule,
PANAS (Krohne et al., 1996)], perceived stress during the previous
hour [adapted German version of Perceived Stress Scale, PSS
(Klein et al, 2016)], rumination during the previous hour
[adapted Rumination subscale from German version of
Rumination Reflection Questionnaire, RRQ (Elkhaouda, 2010)],
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and perceived restorativeness [German version of Perceived
Restorativeness Scale, PRS (Schonbauer, 2013)], in addition to a
computerized Digit Span Backwards (DSB) task, which assesses
working memory (Berman et al., 2008).

All behavioural measures were administered before and after
the walk, except for the PRS which assesses the perceived
restorativeness of an environment and was therefore only
administered after the walk. Additionally, participants filled out a
sociodemographic questionnaire, reported on the weather during
the walk and the overall pleasantness of the walk, and responded
to a German version of the Connectedness to Nature questionnaire
(Cervinka et al., 2009). The results of the analysis of this data as
well as of the physiological data (electrodermal activity and heart
rate) were previously reported (Sudimac et al., 2022).

Magnetic resonance imaging

Data acquisition

All images were acquired on a Siemens Tim Trio 3 T scanner
(Erlangen, Germany) using a 32-channel head coil. The
T1-weighted images were obtained using a three-dimensional
T1-weighted magnetization prepared gradient-echo sequence
(MPRAGE; repetition time (TR)=2,500ms; echo time
(TE)=4.77ms; TI=1,100 ms, acquisition matrix =256 x 256 x 192,
flip angle=7°; 1x1x1 mm® voxel size). Whole brain functional
images were collected using a T2*-weighted echo-planar imaging
(EPI) sequence sensitive to BOLD contrast (TR=2000ms,
TE=30ms, acquisition matrix=216x216 x 129, flip angle=80°,
slice thickness=3.0 mm, distance factor=20%, FOV =216 mm,
3 x3x 3mm’ voxel size, 36 axial slices, using GRAPPA).

Data preprocessing

Functional imaging data were preprocessed and analyzed
using Statistical Parametric Mapping software (SPM12'). EPIs
were corrected for slice timing and head motion and transformed
into the stereotactic normalized standard space of the Montreal
Neuroimaging Institute (MNI) using the unified segmentation
algorithm. Finally, spatial smoothing with a 6-mm full width at
half-maximum (FWHM) Gaussian kernel was performed. The
voxel size was not changed during preprocessing but kept in the
original acquisition dimension (3x3x 3 mm®).

Data analysis

Montreal Imaging Stress Task

At the first level analysis estimates of functional activation
during conditions (Experimental, Control and Rest) were
obtained using a blocked analysis. A high-pass filter (cut-oft 5205)
was applied. We then used an approach based on our region of
interest (ROI), bilateral amygdala. The bilateral amygdala mask

Frontiers in Psychology

06

10.3389/fpsyg.2022.931905

was derived from the Automated Anatomic Labelling atlas 2 (Rolls
et al., 2015) and had a volume of 3,744 mm®.

We extracted the beta values for each of the contrasts
(Experimental > Rest and Control>Rest) within the bilateral
amygdala, using the marsbar toolbox [version 0.44 (Brett et al.,
2002)]. As previously reported, we observed a significant
interaction in the MIST between environment and time in
amygdala pooled activity of the Experimental and Control
condition, which descriptively decreased after the walk in nature
and remained stable after the walk in the urban environment
(Sudimac et al,, 2022). In the present study we examined the
change in amygdala activity in the MIST in male and female
subsample separately. In both subsamples a two-way ANOVA was
conducted with environment as a between-subject factor (urban
vs. natural) and time as a within-subject factor (before vs. after the
walk) in amygdala pooled activity of Experimental and Control
condition. Subsequently, two-tailed post-hoc t-tests were
conducted in order to examine if the environment-by-time
interaction was driven by a change in amygdala activity after the
walk in the urban or in the natural environment.

Fearful Faces Task

At the first level analysis of the FFT, estimates of functional
activation during each condition (unmasked Fear, unmasked
Neutral, masked Fear, masked Neutral, Response) were modelled
using an event-related paradigm. A high-pass filter (cut-oft 128's)
was applied and the ROI-based approach was used, focusing on
the bilateral amygdala.

We reasoned that the intervention, namely a one-hour walk,
would globally affect the stress levels and therewith stress-related
brain activity, not only when contrasting the Fear > Neutral
condition. Therefore, we examined amygdala activity in the Fear
and in the Neutral condition separately, by extracting the blood-
oxygen-level dependent (BOLD) signal within the bilateral
amygdala using the marsbar toolbox [version 0.44 (Brett et al.,
2002)]. We averaged data from unmasked and masked stimuli,
because the results were similar.

Within both the male and female subsamples we conducted a
two-way ANOVA with environment as a between-subject factor
(urban vs. natural) and time as a within-subject factor (before vs.
after the walk) in amygdala activity pooled from the Fear and
Neutral conditions. Two-tailed post-hoc t-tests were performed
within the urban and the natural environment to examine if the
environment-by-time interaction was driven by a change in
amygdala activity after the urban walk or the walk in nature.

Results

In the MIST, as hypothesized, we observed a significant
environment-by-time interaction in the female subsample in
pooled amygdala activity from the Experimental and Control
conditions [(F(27)=4.74, p=0.038, 1,=0.04); Figure 4]. The
interaction was driven by amygdala activity which descriptively
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decreased after the walk in nature [#(14)=1.89, p=0.080], whereas
it remained stable after the walk in the urban environment
[t(13)=—1.15, p=0.270; Supplementary Tables 1, 2]. Furthermore,
the environment-by-time interaction in the female subsample was
driven by a decrease in amygdala activity in the Experimental
condition after the walk in nature [(#(14)=2.35, p=0.034);
Figure 4, left] and by an increase in activation in the Control
condition after the walk in the urban environment [(£(13) =—2.62,
p=0.021); Figure 4, right]. In the male subsample, however,
there was no significant environment-by-time interaction in
[(F(32)=1.28, p=0266, #°,=0.008);
Supplementary Figure 1] and it remained stable after both the
walk in the natural [(#(16)=0.93, p=0.367)] and the urban
environment [(#(16) = —0.66, p =0.516); Supplementary Tables 1,2].

In the FFT we observed a significant environment-by-time
interaction in the male subsample [F(32)=4.37, p=0.045,
1,=0.05; Supplementary Figure 2], driven by an increase in

amygdala activity

amygdala activity after the walk in the urban environment
[(1(16)=—1.99, p=0.063)], while there was no significant
interaction in the female subsample [F(27)=1.71, p=0.203,
nzg= 0.02]. However, in line with the results on the MIST, amygdala
activity after the walk in nature significantly decreased in women

10.3389/fpsyg.2022.931905

[(#(14)=2.89, p=0.012); Figure 5], whereas it remained stable in
men [(#(16)=1.06, p=0.303); Supplementary Tables 1, 2].

Exploratorily, we examined the relationship between the
change in amygdala activity after the walk and connectedness to
nature score. We observed a positive correlation between the
change in amygdala activity on the MIST after the urban walk in
women and their connectedness to nature [r(12)=0.55, p=0.043;
Supplementary Figure 3], whereas no correlation was found in
men [r(15)=0.12, p=0.641].

Regarding the participants’ cognitive performance, defined as
percentage of correct answers and mean RT in the Experimental
condition in the MIST, we observed no significant environment-
by-time interaction neither on the whole sample
(Supplementary Table 3), nor when splitting the sample into males
and females (Supplementary Table 4). Interestingly, the results
revealed that men had a higher percentage of correct answers in
the Experimental condition in the MIST [#(54.5)=-2.18,
p=0.034], compared to women.

Post-hoc t-test showed that the percentage of correct answers
in the Experimental condition decreased in women after both the
urban [#(13)=3.03, p=0.010] and nature walk [#(14)=2.68,

p=0.019], as well as in men after the walk in nature [#(16)=2.63,
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Neutral condition

p=0.018], whereas the percentage of correct answers in men did
not change after the walk in the urban environment [#(16)=1.51,
p=0.151].

However, the mean RT necessary to solve mental arithmetic
tasks in the Experimental condition decreased in women only
after the walk in nature [#(13) =2.60, p=0.022] and in men only
after the walk in the urban environment [#(16) =3.14, p=0.006;
Figure 6; Supplementary Table 5]. On the other hand, the RT did
not significantly change for women after the walk in the urban
environment [#(13)=1.96, p=0.072] nor for men after the walk in
the natural environment [t(15)=1.76, p=0.099; Figure 6;
Supplementary Table 5].

Discussion

In order to investigate the causal effects of the environment on
stress-related brain regions, we conducted an fMRI intervention
study in which a change in the amygdala was measured as an effect
of a one-hour walk in an urban vs. natural environment. We have
previously shown that activity in the amygdala decreased as the
result of a one-hour walk in nature, whereas it remained stable
after a walk in the urban environment while participants
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underwent the FFT. Consistent with this finding, a significant
environment-by-time interaction during the MIST indicated that
amygdala acvitivity descriptively decreased as well on the social
stress task after the walk in the natural environment, whereas it
remained stable after the walk in the urban environment,
suggesting salutogenic effects of nature exposure on the amygdala
(Sudimac et al., 2022).

However, there is a pronounced gap in the literature regarding
the role of interindividual differences in the effect of exposure to
urban and natural environments on brain regions related to social
stress. Since sex differences have been previously reported in
connectedness to nature (Zhang et al., 2014; Dean et al., 2018;
Rosa et al., 2020), as well as in the association between urban
upbringing and gray matter volume (Haddad et al., 2015), here
we set out to explore sex differences in amygdala activity change
as an effect of the urban vs. nature walk.

In line with our hypothesis, in the MIST in the female
subsample we observed an interaction between environment and
time, showing that amygdala activity during the MIST
descriptively decreased after the walk in the natural environment,
whereas it remained stable after the walk in the urban
environment. On the other hand, the amygdala activity during the
MIST in the male subsample did not significantly change after
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both the walk in the urban nor in the natural environment. Similar
as in the MIST, within the FFT paradigm we observed a decrease
in amygdala activity in women after the walk in nature, whereas it
remained stable in men. Therefore, these results altogether suggest
that the beneficial effects of nature on stress-related brain regions
are more pronounced in women.

Interestingly, in the exploratory analysis we observed that the
stronger connectedness to nature was in women, the change in
their amygdala activity on the MIST after the city walk was higher,
whereas no such association was found in men. Namely, the urban
walk increased the stress-related neural activity during the social
stress task more in women who are strongly connected to nature,
than in those who feel less connected.

Moreover, the reaction time in the mental arithmetic task
decreased only in the female subsample after the walk in nature,
indicating that the natural environment was also more beneficial
to cognition in women than in men. On the other hand, the
reaction time decreased only in the male subsample after the
urban walk, indicating that the walk in the urban environment
was beneficial to cognition in men, but not in women.
Interestingly, ART posits that nature restores attention, leading to
better cognitive performance after nature exposure (Berto, 2014),
however our results suggest that this effect is only observed in
women, whereas men benefit cognitively from exposure to an
urban environment. However, it should be highlighted that the
cognitive performance was measured during the social stress task
and therefore it might not be comparable with performance in a
common working memory task within the ART approach (Ohly
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etal, 2016). On the other hand, the results showing a decrease in
stress-related neural activity after the walk in nature in women are
in accordance with SRT, which predicts that exposure to nature
leads to recovery from stress.

To the best of our knowledge this is the first study to
demonstrate differential tendencies in amygdala activity change
in men and women as a causal effect of acute exposure to a
natural vs. urban environment. The findings are in line with
results from a pilot study showing that after 20-min exposure to
an urban forest (Beil and Hanes, 2013), women reported greater
decreases in stress than men. Furthermore, the difference in sex
in relatedness to nature was also demonstrated in children,
showing that girls reported a more intense positive affect related
to natural stimuli (Bagot and Gullone, 2003; Larson et al., 2010),
as well as a higher frequency of exposure to natural stimuli,
whereas boys reported more intense positive affect related to
non-natural stimuli (Bagot and Gullone, 2003). Given that
women feel more connected nature (Zhang et al., 2014; Dean
etal., 2018; Rosa et al., 2020), appreciate more its beauty more
(Zhang et al., 2014) and care about the environment more than
men (Zelezny et al., 2000), it might be that nature’s relieving
effect during social stress is therefore more pronounced
in women.

Interestingly, in a previous study in which participants
watched 3-D videos with different tree cover density, the
relationship between stress recovery and tree densities showed an
inverted U-shape in men. Namely, recovery from stress (measured
by physiological stress indicators) was positively associated with

frontiersin.org


https://doi.org/10.3389/fpsyg.2022.931905
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Sudimac and Kuhn

tree cover density, up to 24%. From 24 to 34% of tree cover density
there was no change in stress recovery, whereas higher tree cover
density was associated with slower recovery from stress (Jiang
etal,, 2014). The authors speculate that the slower stress recovery
related to high tree density might have been associated with
limited sky view and reduction in openness of space, present at
higher tree densities. A previous study also reported that natural
environments with low openness of space can increase levels of
stress (Gatersleben and Andrews, 2013). Since in our study the
path where the nature walk took place was mostly surrounded by
high coniferous trees, the openness of space was low and the sky
view was limited, which, as proposed in the aforementioned study,
may have obstructed stress recovery in men after the walk
in nature.

To date, few studies have shown that exposure to natural
environments had a beneficial effect on cognition in women,
whereas the exposure to the urban environment had a beneficial
effect on cognition in men. On the other hand, these results are
consistent with those of a previous study with children which
showed a positive association between nature views from home
and benefits in concentration and delayed gratification for girls,
but not for boys (Taylor et al., 2002). In correspondence with
our finding, it has been shown that stress impairs women’s
cognitive capacity, whereas it improves cognitive capacity in
men (Schoofs et al., 2013) and leads to hyperarousal in women,
but not in men (Bangasser et al., 2018). Given that arousal and
cognitive performance have an inverted U-shaped relationship,
with optimal arousal leading to optimal performance (Fisk
etal., 2018), we speculate that the walk in nature decreased high
arousal in women, leading to their better cognitive performance.
In the same manner, since men under stress are less aroused
than women (Bangasser et al, 2018) and stress enhances
cognitive capacity in males (Schoofs et al., 2013), the walk in the
urban environment, characterized by high social stress, could
have increased their arousal and subsequently improved their
cognitive performance. However, we have not explicitly tested
for self-reported arousal levels after the stress-inducing fMRI
paradigm and therefore we have no data on whether arousal
levels differ between men and women before the walk. Thus,
we recommend that future studies evaluate self-reported stress
and arousal after the stress-inducing paradigm before the walk
and directly after the walk.

There may also be additional limitations of the present
study. The first limitation is a sample bias, since our sample
consisted of young adults, mostly students from Germany, a
WEIRD (Western, Educated, Industrialized, Rich, Democratic)
country. Future studies should include participants from
different age ranges, professions and cultures in order to
overcome this bias and, especially, to examine the effect of
interindividual differences, such as age, culture, personality
traits etc. in experiencing urban and natural environments and
in their influence on stress-related brain regions. Secondly, even
though the MIST has been widely used to induce social stress
in neuroimaging studies (Dedovic et al., 2009), social stress is
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induced by solving arithmetic tasks under time pressure, and
therefore level of induced stress may depend on participants’
mathematical skills. Considering that during social stress male
participants performed better than female participants on the
MIST and that a wide range of sociocultural factors contribute
to sex differences in interests and achievements in mathematics
(Halpern et al., 2007), we recommend that future studies that
may choose to focus on sex differences should employ a social
stress task that does not rely on participants’ previous sKkills.
Thirdly, as discussed in the previous paper (Sudimac et al,
2022), questionnaires given at pretest, before the walk, and at
posttest, after the fMRI stress-inducing paradigm, that evaluated
the affective state of the participants did not capture the effect
of the walk itself, but rather the effect of the stress-inducing
paradigm in the scanner and therefore were not used in the
analysis with the fMRI data. Finally, it cannot be concluded
which features of the nature exposure elicited the decrease in
amygdala activity and the reaction time in women, as well as
which aspects of the urban environment triggered the decrease
in reaction time in men. We would therefore recommend that
future studies differentially investigate distinct aspects of
natural and urban environments, such as openness of the view,
green color, number of people encountered in the environment,
noise, odors etc. in order to disentangle specific features of these
environments that impact stress-related brain regions.

To summarize, since there is a pronounced gap in the
literature regarding interindividual differences in neural effects of
exposure to natural vs. urban environments, we examined sex
differences. We did so using a social stress paradigm and a fearful
faces paradigm focused on activity in the amygdala, a stress-
related brain region, as an effect of a one-hour walk in an urban
vs. natural environment. We found that amygdala activity
decreased after the walk in nature, but only in women, suggesting
that women may profit more from the beneficial effects of nature.
We also observed that the natural environment improved
cognitive performance in women, whereas in men the cognitive
performance improved after the walk in the urban environment.

This study is one of the first studies examining stress-related
neural effects of an acute exposure to urban vs. natural
environments. It is also a seminal study to examine interindividual
differences in these effects, such as sex, and to report differential
tendencies in men and women regarding their cognitive
performance and stress-related neural correlates as a consequence
of a short-term exposure to urban vs. natural environments.
Therefore, we advise future research not to assume the same
salutogenic effects for different population subgroups and to take
participants’ sex into account, as well as potentially other
interindividual differences when investigating the effect of urban
and natural environments on cognition, stress and underlying
neural mechanisms. The results of this study are significant
beacuse they suggest that natural and urban environments may
affect men and women differently, which should be taken in
account when designing urban green spaces in a way that would
be optimal for citizens’ mental health.
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1 Supplementary Figures

Montreal Imaging Stress Task
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Supplementary Figure 1. Amygdala activity in the Experimental and in the Control condition in the Montreal Imaging
Stress Task (MIST) in men. Left: Amygdala activity (beta values) in the Experimental condition in the MIST remains stable
after the walk in both urban and natural environment in men. Right: Amygdala activity in the Control condition in the MIST

remains stable after the walk in both urban and natural environment in men. Middle: Region of interest, the bilateral amygdala

as defined in Automated Anatomic Labelling Atlas 2.
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Fearful Faces Task
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Supplementary Figure 2. Amygdala activity in the Fear and in the Neutral condition in the Fearful Faces Task (FFT)
in men. Left: Amygdala activity (BOLD signal) in the Fear condition in the FFT remains stable after the walk in both urban
and natural environment in men. Right: Amygdala activity (BOLD signal) in the Neutral condition in the FFT remains stable

after the walk in both urban and natural environment in men. Middle: Region of interest, the bilateral amygdala as defined

in Automated Anatomic Labelling Atlas 2.
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Supplementary Figure 3. Relationship between a change in amygdala activity on the Montreal Imaging Stress Task

(MIST) after the urban walk in women and their connectedness to nature.
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Supplementary Material

Supplementary Table 1: Post hoc t-test between pretest and posttest for bilateral amygdala activity
in the Fearful Faces Task (FFT) and in the Montreal Imaging Stress Task (MIST) by sex.

Men Women
Urban Nature Urban Nature
(n=17) (n=17) (n=14) (n=15)
Task t-test df Pvalue | t-test df Pvalue | t-test df Pvalue | t-test df P value
FFT -1.99 16 0.063 1.06 16 0.303 1.65 13 0.122 2.89 14 0.012%*
MIST -0.66 16 0.516 0.93 16 0.367 -1.15 13 0.270 1.89 14 0.080

Note: Post-hoc t-tests (pretest vs. posttest) for bilateral amygdala activity in the Fearful Faces Task (pooled activity during
Fear and Neutral condition) and in the Montreal Imaging Stress Task (pooled activity during Experimental and Control
condition) by sex; df = degrees of freedom; *P < 0.05, refers to BOLD activity/beta values.



Supplementary Table 2: Descriptive statistics for bilateral amygdala activity in the Fearful Faces

Task (FFT) and in the Montreal Imaging Stress Task (MIST) by sex.

Mean + SD
Men Women
Urban Nature Urban Nature
(n=17) (n=17) (n=14) (n=15)
Task pretest posttest pretest posttest pretest posttest pretest posttest
FFT 0.06+0.07  0.10+£0.06 | 0.06+0.05  0.03+£0.09 | 0.09+£0.09  0.07+£0.05 | 0.10+£0.07  0.03+0.06
MIST -0.28+0.61 -0.19£0.52 | -0.34+0.91 -0.57+0.81 | -0.20+£0.46 -0.04+0.75 | -0.06+£0.50 -0.43£0.63

Note: Descriptive statistics for bilateral amygdala activity in the Fearful Faces Task (pooled activity during Fear and Neutral
condition) and in the Montreal Imaging Stress Task (pooled activity during Experimental and Control condition) by sex; SD =
standard deviation, refers to BOLD activity/beta values.



Supplementary Material

Supplementary Table 3: ANOVA results of the cognitive performance in the Experimental
condition of the Montreal Imaging Stress Task (MIST)

Cognitive performance indicator df F Pvalue
Percentage of correct answers 61 0.05 0.831
Reaction time 35.98 0.38 0.541

Note: Two-way mixed ANOVA interaction effect of factors environment (urban vs. natural) and time (pretest vs. posttest) on
percentage of correct answers and reaction time in the Experimental condition of the Montreal Imaging Stress Task (MIST);
Due to non-normal distribution, analysis of the Reaction time was performed using robust ANOVA; df = degrees of freedom.



Supplementary Table 4: ANOVA results of the cognitive performance in the Experimental
condition of the Montreal Imaging Stress Task (MIST) by sex

Men Women
Cognitive
performance df F P value e df F P value e
indicator
Percentage of
16.56 1.94 0.182 0.02 16.48 1.87 0.190 0.007
correct answers
Reaction time 19.07 0.48 0.497 0.0002 26 0.50 0.484 0.006

Note: Two-way mixed ANOVA interaction effect of factors environment (urban vs. natural) and time (pretest vs. posttest) on
percentage of correct answers and reaction time in the Experimental condition of the Montreal Imaging Stress Task (MIST) by
sex; Due to non-normal distribution, analysis of the variables Percentage of correct answers in male and female subsamples

and the Reaction time in the male subsample was performed using robust ANOVA; df = degrees of freedom. n%= generalized
eta-squared effect size.



Supplementary Material

Supplementary Table 5: Descriptive statistics for mean reaction time for solving mental arithmetic
tasks in the Experimental condition in the Montreal Imaging Stress Task (MIST) by sex

Mean = SD

Men Women

Urban Nature Urban Nature

(n=17) (n = 16) (n=14) (n=14)

pretest posttest pretest posttest | pretest  posttest pretest posttest

3154 +788 2728 £482 3342 + 750 2959 £ 736 | 3459+ 724 3131+£767 | 3650+ 587 3139+ 376

Note: Descriptive statistics for mean reaction time (in milliseconds) for solving mental arithmetic tasks in the Experimental
condition of the Montreal Imaging Stress Task (MIST) by sex and condition; Scores of two participants were excluded from
the analysis as outliers; SD = standard deviation.
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Abstract

Incidence of mental disorders is higher in cities, whereas visits to nature have been reported to
be beneficial for mental health and brain function. However, there is a lack of knowledge
regarding how exposure to natural and urban environments affects brain structure. To examine
the causal relationship between exposure to these environments and hippocampal formation, 60
participants were subjected to a one-hour walk in either natural (forest) or urban environment
(busy street), and high-resolution hippocampal imaging was performed before and after the
walks. We observed that the participants who walked in the forest showed increases in
subiculum volume, a hippocampal subfield involved in stress response inhibition, while no
change was observed after the urban walk. However, this result did not withstand Bonferroni
correction for multiple comparisons. Furthermore, the increase in subiculum volume after the
forest walk was associated with a decrease in self-reported rumination. These results indicate
that visits to nature can lead to observable alterations in the brain structure, with potential

benefits for mental health and implications for public health and urban planning policies.



1. Introduction

It has been repeatedly shown that mental health problems, such as anxiety disorders,
schizophrenia, and depression are more common in cities [1], [2]. Moreover, a growing body
of research shows that going to nature enhances mental health [3], [4], [5]. Even brief exposures
to natural environments have a positive impact on mood by increasing positive affect and
decreasing negative affect [6]. Negative affect, in particular depressivity is related to rumination
[7], [8] — a maladaptive pattern of repetitive negative self-referential thinking, that can predict
onset of depression[8].

It has been shown that a 90-min [9] or even 30-min [10] nature walk decreases
rumination. However, only few studies have examined the neural mechanisms underlying these
beneficial effects of nature on rumination and mental health. In a seminal study it was
demonstrated that a walk in nature reduced both rumination and activity in the subgenual
prefrontal cortex, a brain region linked to self-referential thoughts [9]. We have recently shown
that a one-hour walk in a forest decreased activity in the amygdala, a brain region associated
with stress processing, likewise suggesting that nature has salutogenic effects on brain
health[11]. Although these studies provide insights on how exposure to natural and urban
environments affects brain function, little is known about the effects on brain structure.

Several recent studies have shown that living close to natural environments is positively
associated with brain structural health metrics, such as cortical thickness and grey matter
volume [12], [13]. Thus, a cross-sectional study examining differences in brain structure
associated with the environment during ontogenetic upbringing showed that hippocampal and
parahippocampal formation was larger in adolescents who were raised exclusively in rural areas
than in those who were exclusively raised in cities [14]. Nevertheless, in order to examine the
causal relationship between exposure to urban vs. natural environments and brain structure,
intervention studies are required. To the best of our knowledge, changes in brain structure after

short-term exposure to natural and urban environments have not to date been investigated.

Even though it is generally assumed that brain structure is relatively stable, several
studies have shown rapid changes in structural magnetic resonance imaging (MRI) markers.
Namely, spending more time outdoors 24 hours before scanning seems to have a substantial
impact on grey matter volume in the dorsolateral prefrontal cortex [15]. Furthermore,
microstructural changes in the hippocampus and parahippocampus were detected already after

two hours of performing a spatial learning task [16].



Since the hippocampal formation has previously been associated with the physical
environment during upbringing [14] and is known for its potential to display rapid structural
reorganization [16], we set out to explore how a one-hour exposure to an urban vs. natural
environment may impact hippocampal structure. Additionally, as a walk in nature decreases
rumination [9], [10], and ruminative thoughts have been associated with the hippocampus [17],
[18], [19] we set out to examine the association between potential change in hippocampal

structure and a change in rumination elicited by the walk.
2. Results

In order to examine how exposure to natural vs. urban environments affects hippocampal
formation, we conducted an MRI intervention study (Figure 1). High-resolution hippocampal
imaging was performed before and after a one-hour walk in a natural environment (urban forest

Grunewald; Figure 2b) vs. urban environment (busy street in Berlin; Figure 2c¢).
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Figure 1. Flowchart of the study procedure. Before the walk participants underwent the MRI scanning
procedure. Subsequently, each participant was randomly assigned to a 60-min walk, in either a natural or urban
environment. After the walk, the participants underwent the MRI scanning procedure again. Adapted from "How
nature nurtures: Amygdala activity decreases as the result of a one-hour walk in nature" by Sudimac et al.,
2022, Molecular Psychiatry, 27, p. 4448
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Figure 2. Location of the nature and urban walk. a GPS data of two participants during the walk in the natural
environment (Berlin, Grunewald) and the urban environment (Berlin, SchloBstrale) displayed on the
OpenStreetMap (https://www.openstreetmap.org). b Sample picture of the walk in the natural environment. ¢
Sample picture of the walk in the urban environment. Reprinted from "How nature nurtures: Amygdala activity
decreases as the result of a one-hour walk in nature” by Sudimac et al., 2022, Molecular Psychiatry, 27, p. 4448

A significant environment-by-time interaction was observed in bilateral subiculum
volume (F(1,58) = 4.717, p =0.034, n’%.= 0.01; Figure 3), which increased after the walk in
nature (#(29) = —2.758, p = 0.010; see Supplementary Table S1 online), but not after the urban
walk (#(29) = —0.133, p = 0.895). The volumes of the other hippocampal subfields, as well as
those of the amygdala and the hippocampus, showed no significant interaction effects.
However, the significant interaction does not survive conservative Bonferroni multiple
comparison correction. Post-hoc we explored potential lateralization effects and observed that
the effect was mostly driven by the right, not the left subiculum (right: F(1,58) = 5.626, p =
0.021, n°¢=0.01; left: F(1,58)=2.259, p =0.138, n7.=0.01).



We then associated the change in subiculum volume, the only hippocampal subfield
where environment-by-time interaction was observed, with the change in rumination score
separately for the nature and the urban condition. Changes in bilateral subiculum were
negatively associated with changes in rumination in the nature (#(28) = —0.367, p = 0.046;
Figure 4), but not in the urban environment (#(28) = 0.102, p = 0.592), with the difference of
correlation coefficients being significant (Fisher’s z = 1.79, p = 0.037). There was no

environment-by-time interaction for self-reported rumination.
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Figure 3. Bilateral subiculum volume before and after the walk in the urban and in the natural
environment. Bilateral subiculum volume increased after the walk in the forest, whereas it did not change
after the walk in the urban environment. Note: Significant differences are indicated with asterisk (*p < 0.05);
error bars represent one standard error of the mean.
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Figure 4. Negative correlation between the change in bilateral subiculum volume and the change in
rumination during the walk in nature. During the walk in nature the increase in bilateral subiculum volume
is associated with decreased rumination. Note: Significant differences are indicated with asterisk (*p < 0.05).

3. Discussion

The fact that we observe these short-term changes in brain structure, namely in the subiculum
volume, is at odds with the typical assumption that brain structure, measured by means of MRI,
is a relatively stable trait characteristic of an individual. However, there is increasing evidence
hinting at short-term alterations of brain structure within the range of hours or even minutes
[15], [16], [20], [21], [22]. For example, in a recent study in which participants were viewing
pictures while structural images were taken in MRI, structural enlargement was found in the
visual cortex after less than 263 seconds [23].

As the hippocampal formation has been related to upbringing environment [14] and its
structure is highly plastic [16], we examined structural changes in hippocampal subfields after
a one-hour walk in natural vs. urban environment. The results show that the walk in a forest
caused an increase of subiculum volume in the hippocampal formation, whereas it remained
stable after a walk in an urban environment. It should be noted that the environment-by-time

interaction did not survive conservative Bonferroni correction for multiple comparisons,



warranting a careful interpretation of these results and underscores the need for further
investigation.

The role of hippocampal subfield subiculum has not been extensively studied, and its
exact function remains unclear [24]. Except for its role in memory and spatial orientation [24],
[25], [26], the subiculum, more specifically, the ventral subiculum, plays a role in inhibition of
the stress-associated hypothalamic—pituitary—adrenal (HPA) axis [26], [27], [28], [29].
Furthermore, it has been suggested that the subiculum is involved in anxiety control [30]. This
suggests that exposure to nature had a beneficial effect on a brain region which is involved in
inhibiting stress responses and controlling anxiety. This is consistent with previous results
reported from the same study showing that the forest walk decreased stress-related amygdala
activity [11]. Therefore, a walk in nature, associated with a reduction in stress-related neural
activity, may have led to the increase in subiculum volume, which in turn may be related to
enhanced inhibition of the HPA axis and inhibition of stress responses. Given the role of the
subiculum in processing spatial orientation [25], [26], it is as well plausible to speculate that
the observed increase in subiculum volume could be associated with the task of navigating
through a novel environment, such as a tranquil forest path. However, these hypotheses warrant
further investigation to confirm their validity. It is important to note that the MRI methodology
employed in this study, while providing valuable structural data, cannot directly identify the
underlying biological mechanisms driving the observed change in subiculum volume after the
nature walk [31]. To gain a more comprehensive understanding of these structural changes
within biological tissues, future research may benefit from incorporating quantitative MRI or
non-invasive in vivo histology techniques, which can offer additional insights into the nuances
of such alterations [32].

Additionally, the increase in bilateral subiculum volume after the walk in nature was
associated with a decrease in self-reported rumination. Even though the study was conducted
in healthy participants, not in a clinical population, the results may be seen in line with a
previous study showing a reduction in subiculum volume in patients with major depressive
disorder, characterized by chronic exposure to stress and rumination [19], [33]. Additionally,
reduction in subiculum volume has been associated with childhood maltreatment and mood
disorders [34].

To our knowledge, this is the first intervention study to show evidence of structural
brain plasticity after a short-term exposure to nature. Even though environment-by-time
interaction in the bilateral subiculum was not maintained following Bonferroni correction, these

are seminal findings hinting at a causal relationship between exposure to nature and brain



plasticity and therefore we hold them as valuable. Additionally, the results show an association
between the increase in subiculum volume and a reduction in rumination. These findings extend
results of previous studies showing that rumination decreases after a walk in nature [9], [10]
and those demonstrating that depression is associated with subiculum volume reduction [19],
[33]. Since both, subiculum volume reduction and increased rumination are characteristics of
major depressive disorder [19], [33], the results of this study, together with previous findings
showing that nature decreases rumination [9], [10], may hint at the importance of spending time
in nature as a potential preventive measure against the development of depression symptoms.

Nevertheless, since our sample consisted of healthy participants, further investigation
in clinical populations is required to examine salutogenic effects of nature (forest in this case)
for patients with depression in order to implement exposure to nature to clinical practice, such
as green prescription [35]. As this is a seminal study to demonstrate salutogenic effect of a
short-term exposure to nature on brain structure, we encourage future studies to continue
exploring structural plasticity in the hippocampal formation, as well as other brain structures,
as a result of exposure to natural environments with the aim to create solid evidence for use in
clinical practice (e.g., green prescription), as well as urban and landscape planning.

Our study has several limitations. Firstly, as already mentioned, environment-by-time
interaction in the bilateral subiculum fails to withstand the Bonferroni correction. However, as
these are pioneering findings suggesting a plausible causal link between exposure to forest and
brain plasticity, we hold them as valuable contribution to the field. Importantly, we encourage
future studies to examine effects of exposure to natural vs. urban environments on the
subiculum volume in a larger sample. Secondly, the mechanisms underlying the subiculum
volume increase after walking in a natural environment remain unclear, and may be potentially
influenced by factors like increased oxygen intake in a natural versus urban environment.
Additionally, possible segmentation biases should be also considered. Thirdly, it remains
unclear what natural features (e.g. the colour green, odours, sounds etc.) are driving the effect
of the subiculum volume increase after the walk in nature. Fourthly, our sample mostly
consisted of participant who were born and raised in Germany. Therefore, future studies should
try to identify concrete active ingredients driving the effect, as well as include participants from

different geographical and cultural backgrounds to enhance the generalizability of the findings.



4. Methods

2.1 Subjects

A sample size estimation using G*Power resulted in need of 54 participants to enable a medium
effect size for a two-way mixed ANOVA, with an alpha level of 0.05. We decided to acquire 9
more participants to make sure that potential exclusion of participant or missing data would not
reduce the sample size below the number that we decided on. We recruited 63 participants, who
were pseudo-randomly assigned either to a forest walk or a city walk, while controlling for
equal distribution of men and women. Participants reported their sex and ethnicity on a
demographic self-report. Two participants were excluded due to missing data after the walk
and one participant was excluded due to an error in image processing, resulting in total of 60
participants (29 women, total mean age =27.31 years, SD = 6.74, age-range = 18—47 years, 30
participants in the nature walk condition, 30 participants in the urban walk condition). Out of
the 60 participants 51 were from Germany (85%), 3 participants were from Russia (5%), one
participant was from Greece, one participant from France, one from Ukraine, one from Brasil,
and one from South Korea.

Participants’ age, occupation, education, income and percentage of participants brought
up in a city did not significantly differ between the two groups. An overview over the control
variables in the two conditions is shown in Supplementary Table S2. Participants were told that
they would take part in an MRI study in which they would go for a walk, but were not informed
about the research question of the study. All participants were fluent in German, right-handed,
and were not diagnosed with any psychological or neurological disorder.

The study was approved by the Local Psychological Ethical Committee at the Center
for Psychosocial Medicine at University Medical Center Hamburg-Eppendorf in Hamburg,
Germany (LPEK-0054). We obtained written informed consent from all participants and they

received monetary compensation.

2.2 Study procedure

The experiment was conducted in late summer/fall 2019 between 10:00 a.m. and 5:00 p.m. The
flowchart of the study procedure is shown in Figure 1. Upon arrival, participants signed the
informed consent, filled out the questionnaires and performed a working memory task.
Subsequently, the participants underwent an fMRI scanning procedure that included a resting
state sequence with questions on rumination [36], [37], [38], a high-resolution hippocampal

imaging sequence, the Fearful Faces Task [39], and the Montreal Imaging Stress Task [40]. The
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results on the Fearful Faces Task and the Montreal Imaging Stress Task were previously
reported [11], [41].

After the scanning session, participants were randomly assigned to a 60-minute walk in
either a natural or urban environment (Figure 2). Even though the definition and also the
dichotomy of “natural” and “urban” environment has been a subject of debate [42], the “natural
environment” we refer to is an urban forest, the largest green area in the city of Berlin, whereas
“urban environment” refers to a busy street in one of the city centers in Berlin with shopping
malls.

The participants were shown the walk on a map (straight path) and subsequently they
were picked up at the lab and brought by taxi to the starting point of the walk. Participants went
on the walk alone and were instructed not to enter shops or use their mobile phones, to avoid
potential distraction. They were given a bagged lunch that they could eat during the walk.
Participants were given a mobile phone that logged their global positioning system (GPS) data
during the walk, to ensure that they walked the intended route (Figure 2a). After 30 minutes, an
alarm signal went off on the phone, and participants were instructed to turn around and
continued the walk back to the starting point. Here they were picked up by a taxi and brought
back to the lab.

At posttest the same fMRI scanning procedure was repeated, with one additional stress-
inducing task, the Social-Evaluative Threat task [43], also meant to induce social stress and
administered only after the walk at the end of the MRI session, since we reasoned the cover
story would not have been credible twice. Finally, participants filled out the questionnaires and
were debriefed and informed about the aim of the study. The results of the analysis of the
behavioural data as well as of the physiological data (electrodermal activity and heart rate) were

previously reported [11].

2.3 Location of the walks

As recommended in a recent review [4], we report the geographic location of the walks as well
as the landscape features. The walk in nature took place in Grunewald forest in Berlin, Germany
(Figure 2b), close to the MRI laboratory (6.7 km, reached within approximately 15 minutes by
taxi). The participants walked along Teltower Weg, a path starting at a crossroads between
Konigsweg and Teltower Weg, spanning towards the north of Grunewald. At over 3000
hectares, Grunewald forest is the largest green area in the city of Berlin. The vegetation of the
area is mainly composed of conifers and Betulaceae. Some areas of Grunewald forest are nature

reserves and therefore forbidden to visit to protect local fauna, especially amphibians and birds.
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Apart from the river Havel which forms small islands and a peninsula, Grunewald forest is rich
in lakes and ponds, however, the walking route did not pass any water. There are no built
structures nor was there any traffic noise during the walking route the participants undertook.
Since Grunewald is a recreative forest, it has many paths that people mostly use for walking,
jogging, or riding a bicycle.

The urban walk took place in SchloBstral3e, a busy street in Berlin-Steglitz (Figure 2c),
close to the MRI laboratory (2.1 km, reachable in approximately 10 minutes by taxi), which
consists of two to four traffic lanes. SchloBstrale is one of Berlin's shopping areas, with three
shopping malls and three subway stations. Participants were dropped off by the taxi at
SchloBstraBe 84 and walked northeast, towards Rheinstra3e. The participants walked along the
sidewalk and could see other people, traffic, buildings, shopping malls, and smaller shops. In
SchloBstrale, however, as in most of Berlin’s streets, there were also trees, mostly on the

sidewalk and on the traffic dividers.

2.4 Magnetic Resonance Imaging

2.4.1 Data acquisition

The structural images were acquired on a Siemens Tim Trio 3T scanner (Erlangen, Germany)
using a 32-channel head coil. The T1 images were obtained using a three-dimensional T1-
weighted magnetization prepared gradient-echo sequence (MPRAGE) based on the ADNI
protocol (www.adni-info.org) (repetition time (TR) = 2500 ms; echo time (TE) = 4.77 ms; TI

= 1100 ms, acquisition matrix = 256 x 256 x 176, flip angle = 7°; 1 x 1 x 1 mm? voxel size).
For the measurement of hippocampal subfields, a high resolution T2 weighted fast spin echo
sequence (TR = 8150, TT = 50 ms, 0.4 x 0.4 mm in plane resolution, 2 mm slice thickness, 31

slices covering the anterior three quarters and in some cases the whole hippocampus)[44].
2.4.2 Hippocampus subfield segmentation

To obtain volumes of the hippocampal subfields we used in the post-processing the automated
segmentation of hippocampal subfield (ASHS) tool [45]. The algorithm provides estimates of
the following regions based on the UPenn atlas: CA1-3, dentate gyrus, subiculum, entorhinal
cortex and parahippocampal gyrus, BA 35, BA36 and sulcus by means of method multi-atlas
segmentation, similarity-weighted voting, and a novel learning-based bias correction technique.
The tool has been shown to achieve excellent agreement with manual segmentation and with
intra-class correlations comparable to the overlap between human evaluators in manual

segmentations. As a quality check the segmentations were visually controlled. Before
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examining environment by time interaction, the subfields volumes were corrected for
intracranial volume via the following linear equation: ROlagj = ROlyol - B (ICV - ICVmean),
where ROlL.g; is the adjusted regional volume, ROl is the original volume, and f is the slope
of the ROI volume regressed on ICV as assessed by means of FreeSurfer and provided by
ASHS, and ICVmean 1s the sample mean of ICV[46]. There were no significant differences in
intracranial volume between pretest and posttest (ICC =0.97, 95% CI[0.94, 0.98]). The volume
of the hippocampus and amygdala was calculated with FreeSurfer using the aseg command
[47]. Descriptive statistics of regions of interest before and after the walk by environment are

shown in Supplementary Table S2.

2.5 Rumination assessment

Rumination was conceptualized as repeatedly occurring thoughts that are unwanted or negative.
They were measured by means of three items that have been used previously[36], [37], [38], of
which two were adapted from the Stress Coping Inventory[48]. Participants were asked to rate
how much the statements “During the past five minutes, I could not get certain thoughts out of
my mind.” and “During the past five minutes, I kept thinking about something over and over
again.” matched their thoughts and feelings. A third item was developed to capture self-related
unwanted thoughts, “During the past five minutes, I had difficulties suppressing thoughts about
myself.”. Due to the constraints of the scanner environment were only able to use a 4-point
answering scale, ranging from 0 (does not apply at all) to 3 (does apply very well), previously
these items were used with a an 8-point answering scale. The assessment took place before and
after the walk and directly after a five-minute resting state MRI acquisition. The average score
across all three items was used for analysis, indicating the presence of unwanted thoughts across

the resting state measurement.

2.6 Data analysis

Using a two-way mixed ANOVA with factors environment (urban vs. nature) and time (pre vs.
post) we computed environment-by-time interactions to detect potential differential changes
over time in the subfields of interests defined a priori: entorhinal cortex, associated with
complex representations of the external environment [49], parahippocampal gyrus, previously
shown to have higher volumes in adolescents raised exclusively in rural environments [14], and
subiculum, involved in inhibition of hypothalamic-pituitary-adrenal (HPA) axis and stress
response [26], using a Bonferroni corrected p-value of p <0.017. Since a walk in nature reduces
rumination [9], [10] and rumination in turn has been associated with the hippocampus [17],

[18], [50], [51], we correlated change in the hippocampal subfield in which a significant
13



environment-by-time interaction was observed with change in self-reported rumination [36],

[37], [38] within both environments.
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Supplementary Information

Supplementary Table S1: Descriptive statistics for hippocampal subfields volume before

and after the walk in the urban and in the natural environment

Mean = SD
Urban Nature
ROI (n=30) (n=30)
pretest posttest pretest posttest

Enthorinal cortex  471.95 + 79.97 471.48 +74.07 462.87 + 78.57 475.92 + 59.46

Parahippocampal
996.67 £ 125.55 1002.40 + 126.32  1029.42 +143.02  1028.61 + 134.11

gyrus

Subiculum 77440 £119.65 776.10+101.36  766.42 +126.61 816.10 = 133.00

Note: ROI =region of interest; SD = standard deviation



Supplementary Table S2: Control variables values in the urban and in the natural

environment
Urban Nature
Variable X2/t df P
(n=30; 14 women) (n =30; 15 women)
Age (mean + SD) 28.73 +£7.49 25.90 £5.67 1.65 54.01 0.104
Upbringing: grew up in a city (%) 57 67 0.63 1 0.426
Income: under 1250 euros (%) 70 87 2.45 1 0.117
Occupation: students (%) 63 73 0.69 1 0.405
Education: high school diploma (%) 90 90 0 1 1
Day time: afternoon sessions (%) 43 47 0.07 1 0.795
Temperaturea (mean =+ SD) 16.11 +£5.19 14.76 £ 5.55 0.97 57.75 0.334
Humidity (%) 67.83 +17.97 70.93 + 18.46 -0.66 57.96 0.512
Cloudiness® (mean + SD) 5.70 £2.02 6.23 + 1.87 -1.06 57.66 0.293
Sunny: minutes during
31.17 £22.82 21.30 +£22.48 1.69  57.99 0.097

60-minute walk (mean + SD)
Rainy: walks in the rain (%) 37 33 0.66 1 0.417

Note: Weather values refer to 60 minutes of the walking time; weather data were obtained from the
German Meteorological Service (https://www.dwd.de/); df = degrees of freedom; SD = standard

deviation
3 Degrees Celsius (°C)

Y Amount of cloudiness on an 8-point scale
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Abstract

Despite growing evidence that nature positively influences mood and stress, its effects on young
children, especially infants, are not well-understood. To explore this, we conducted an
intervention study with 72 mother-infant dyads. Mothers and their infants went on two walks,
one in a natural and the other in an urban residential environment. We assessed effects of the
walks on both subjective and physiological stress indicators, including maternal self-reported
stress levels, salivary cortisol in mothers and infants, and cortisol levels in mothers’ breast milk.

No significant interaction was found between time and environment on objective and
subjective stress indicators. However, a decrease in cortisol concentrations in mothers and
infants during walks in both environments was observed, suggesting that the walking itself may
have decreased cortisol. Exploratory results showed that maternal salivary cortisol levels
continued to decrease up to one hour following a walk in a natural environment, but not after
urban walks, hinting at beneficial stress-relieving effects of natural compared to urban
environments at a later timepoint. Self-reported assessments also revealed a reduction in
maternal stress levels in both environments, accompanied by heightened feelings of
pleasantness and calmness. Moreover, during the walk in nature, mothers experienced an
increase in mood valence and wakefulness, while mood arousal decreased (though no
significant interactions were found).

These present findings indicate that walks in residential natural versus urban
environments do not differ in how they affect objective and subjective indicators of stress in
mothers and their infants. Additional exploratory analyses suggest that for mothers walking in
nature may result in stress-relief, with these effects potentially manifesting after a delay. This
study advances our knowledge of how environmental factors influence stress, which can guide

urban design policies aimed at enhancing mental health for specific populations and age groups.

Keywords: stress, cortisol, natural environment, urban environment, mother-infant dyad



1. Introduction:

Numerous studies have consistently demonstrated the positive effects of nature on mental
health in adults (Kondo et al., 2018; Kotera et al., 2022; Oh et al., 2017). Thus, more green
areas in a neighborhood were associated with decreased symptoms of depression, anxiety, and
stress (Beyer et al., 2014; Cox et al., 2017), while the frequency of nature visits was negatively
associated with mental distress (White et al., 2021). Furthermore, various nature-based
interventions have been shown to reduce stress in both healthy and clinical populations
(Corazon et al., 2019; Vujcic et al., 2017).

The benefits of nature for stress reduction have been evidenced not only through self-
report stress assessments but also using objective, physiological stress markers, such as the
stress hormone cortisol. Cortisol is the primary glucocorticoid hormone produced by the
hypothalamic-pituitary-adrenal (HPA) axis in stressful situations. Persistent high levels of
cortisol can be disadvantageous for mental health (Radley et al., 2015). And indeed, previous
research has demonstrated that living close to green spaces is associated with lower cortisol
levels (Gidlow, Randall, et al., 2016; Roe et al., 2013; Ward Thompson et al., 2012),
underscoring the potential mental health benefits of natural environments. Additionally,
experimental studies investigating the causal relationship between exposure to nature and
physiological indicators of stress demonstrated that nature exposure can reduce cortisol. A
meta-analysis of studies investigating the effects of “forest bathing”, immersing oneself in a
forest, demonstrated that being in a forest lowered cortisol concentrations compared to pre-
intervention levels and control groups (Antonelli et al., 2019). Furthermore, it has been shown
that cortisol levels decreased in coronary artery disease patients after a walk in an urban park
compared to a walk in an urban environment (Grazuleviciene et al., 2016). In order to examine
effects of regular exposure to nature, Hunter and colleagues (2019) examined changes in
cortisol concentrations in healthy participants after two months of going to nature at least 3
times a week, and found that salivary cortisol decreased more than 20% per hour of visiting a
natural environment.

Cognitively, nature exposure has been demonstrated to improve working memory
capacity (Berman et al., 2008) and reduce rumination (Bratman et al., 2015). Likewise, benefits
in nature have been as well demonstrated in brain activity, namely as a reduction of rumination-
related activity in the subgenual prefrontal cortex (Bratman et al., 2015) and stress-related

amygdala activity after walking in a natural compared to an urban environment (Sudimac et al.,

2022).



Even though numerous studies have shown that visiting nature is beneficial for mental
health (Barnes et al., 2019; Corazon et al., 2019; Kondo et al., 2018; Kotera et al., 2022;
McMahan & Estes, 2015; Oh et al., 2017), the evidence is more scarce in children. A recent
review showed that greater exposure to nature in childhood was associated with increased
physical activity and lower obesity risk as well as with lower risk of neurodevelopmental
problems, such as inattentiveness (Islam et al., 2020). Moreover, more residential green space
in childhood was linked to lower risk of mental disorders (Engemann et al., 2019). A study
focusing on children aged 4 to 6 years revealed that living near urban parks was associated with
fewer mental health problems in families where mothers had lower educational levels, whereas
children of highly educated mothers showed an opposite pattern (Balseviciene et al., 2014).
Similarly, a study examining the potential relationship between exposure to nature and brain
structure in children showed that lifelong exposure to green space in 7-to-10-year-old children
may be associated with larger brain volume in regions linked to working memory processing
(Dadvand et al., 2018). Furthermore, lifelong exposure to green environment was related with

better working memory, as well as with a reduction in inattentiveness.

A relationship between proximity to green spaces and beneficial health outcomes has
been observed not only in childhood, but during intrauterine development as well. Indeed, a
mother’s exposure to nature during pregnancy has been found to be associated with increased
infant birth weight and reduced risk of preterm birth, especially in families with lower socio-
economic status (Islam et al., 2020). Furthermore, it has been observed that pregnant women
with low cortisol concentrations in the umbilical cord, relative to those with high cortisol,
resided in a neighbourhood with higher residential green space, spent more time in the natural
environment, had window views in their homes covered mostly with green space and more
frequently looked at the green space through the window (Boll et al., 2020). Since high cortisol
concentrations during pregnancy are associated with unfavorable pregnancy outcomes
(Caparros-Gonzalez et al., 2022), these findings imply that pregnant women’s exposure to green
spaces may contribute to favorable pregnancy outcomes and benefit child health, particularly

in urban settings.

Even though most of the literature indicates a generally positive relationship between
the exposure to green spaces and child developmental outcomes, our understanding of how
natural and urban environments affect infants remains limited. A study involving over 1300
mother-child dyads found that children age 0-to-2 years living in areas with a higher degree of

residential green space, exhibited better early childhood neurodevelopment (Liao et al., 2019).
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This association was partially explained by reduced air pollution related to traffic, as indicated
by mediation analysis. In a similar vein, in 12-month-olds, the housing density of urban
environments was associated with increased physiological stress (decreased parasympathetic
activity) at home (Wass et al., 2021). Furthermore, in a laboratory setting, the housing density
of the infants’ home postcodes was associated with their increased behavioural and
physiological reactivity to an emotion elicitation task. This relationship was independent from
socio-economic status and lifelong stressors, suggesting that dense urban environments may be
detrimental not only for adults, but also for infants. Nevertheless, it should be pointed out that
these studies are cross-sectional, and therefore a causal relationship between urban density and

developmental outcomes cannot be inferred.

Infants may be influenced directly by the environment in which they spend time or live,
but also indirectly through the influence of their primary caregiver. Mothers that are more
stressed show higher concentrations of the hormone cortisol in their breast milk (Tekgiindiiz et
al., 2023). Hence, if a mother is more stressed because of the environment she lives in, she may
affect the infant through her breast milk cortisol. And indeed, mothers’ breast milk cortisol has
been associated with infant temperament, particularly with fear and negative affect in female
infants (Glynn et al., 2007; Grey et al., 2013; Nolvi et al., 2018). These results imply that
information about the stressfulness of the environment may be transmitted via cortisol in breast

milk, thus molding infants’ emotional response accordingly (Nolvi et al., 2018).

Altogether, the existing literature suggests that exposure to natural environments can
reduce experienced stress, as well as physiological indicators of stress, such as cortisol.
Findings to date suggest that proximity to nature may be advantageous for children's
development, while residing in densely populated urban areas could adversely affect their stress
levels. However, literature on the potential positive effects of nature in infants is as yet scarce,
and the underlying mechanisms are yet to be uncovered. In addition, because most studies on
children are cross-sectional, the causal relationship between environmental factors and
outcomes cannot be established. Finally, it is important to recognie that children, and infants in
particular, are embedded into a close social context, and therefore predominantly influenced by
their parents. This factor should also be considered examining the environmental effects on

infants.

The current study was set up to address these gaps and limitations by using an

intervention study design. Its goal was to investigate potential differential effects of a walk in



a natural vs. an urban environment on stress levels and mood in mothers and their infants. To
enhance the ecological validity of the study, we focused on examining effects of residential
environments, that mothers habitually visit with their infant when going for a walk. Stress in
mothers was measured with self-reports, as well as with cortisol levels, both from mothers’
saliva and breast milk. Breast milk cortisol was included with the goal of uncovering a potential
mechanism through which a mother’s walking environment may indirectly affect the infant
(i.e., maternal stress might be transmitted to the infant via breast milk cortisol). Stress in infants
was measured based on mother’s reports about the infant’s behaviour, as well as with the
infant’s salivary cortisol concentrations. A secondary goal was to examine potential effects of
a walk in a natural vs. an urban environment on maternal cognitive markers, namely working
memory performance, rumination, and perceived attention restoration. This last outcome is
based on the Attention Restoration Theory (ART) which proposes that natural environments
have restorative effects on attention, by engaging it in an effortless way (Kaplan, 1995).
Exploratorily, we sought to examine the relationship between potential changes in cortisol
concentrations during walks in natural vs. an urban settings and mothers’ connectedness to
nature, as well as with their environment during upbringing. These findings can be found in the

Supplementary Information.

Hypotheses, study design, the dependent variables and planned analyses were a-priori

predefined and preregistered and are publicly available (https://aspredicted.org/6gx4m.pdf). As

preregistered, we predicted that exposure to a natural relative to an urban environment would
decrease stress levels and improve mood in mothers and their infants. Additionally, we expected
that the exposure to nature relative to an urban environment would decrease maternal
rumination, as well as increase perceived attention restoration and working memory capacity.
To our knowledge, this is the first study to examine causal relations between walks in natural

and urban environments and stress levels in mother-infant dyads.

2. Materials and Methods

2.1 Participants
Participants were recruited through flyers at public places in Berlin where mothers or families
get together (parks, kindergartens, child-friendly restaurants) and through social media
platforms (e.g., Instagram, Facebook, nebenan.de). The sample consisted of 73 mothers (mean
age = 33.3 years, SD = 5.0 years, age range = 23—-50 years) and their 73 infants (25 females and
one participant with missing data about infant’s sex, mean age = 7.5 months, SD = 3.4, age

range = 1.8—15.1 months). We initially included infants up to 12 months of age and accepted 5
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more mother-child dyads with infants older than 12 months since mothers confirmed that their
infant usually stayed in a pram for walks of approximately one hour. A sample size estimation
using G*Power resulted in the need of 80 participants to enable a medium effect size using
between-subjects design. However, in the beginning of the data collection we decided for a
within-subjects design instead, due to the large interindividual differences in cortisol levels
(Smyth et al., 1997) and the varying degrees of participants’ fear of COVID-19 infection.
Therefore, we included all interested participants until the end of the planned recruitment
period, namely one year. In order to enable a medium effect size (0.25), with a power of 0.95
and CI = 95% in a within-subjects design, 36 participants would have been needed. Since the
final sample consisted of 73 participants, the post-hoc power is 0.99 for a medium effect size
(0.25) and 0.49 for a small effect size (0.10). The study included only mothers residing in Berlin
who were fluent in German, had not been diagnosed with a mental or neurodegenerative
disorder, did not report cognitive impairments or drug addiction, typically took their infants out
in a pram, and lived within 20 min walking distance from a natural and urban environment.
Different ways of holding a baby (e.g., baby carriers, holding in the arms) can affect both
mothers’ and infants’ stress responses (Ionio et al., 2021). Therefore, including only mothers
who usually go for a walk with their infant in a pram made the sample more uniform and
ensured that going for a walk in a pram was not a novel experience for the infants, thereby

minimizing variability and reducing potential noise in the data.

The study was approved by the psychological ethics committee at the Center for
Psychosocial Medicine at University Medical Center Hamburg-Eppendorf in Hamburg,
Germany (LPEK-0187). Mothers signed the informed consent for their own and their infant’s
participation in the study. All participating mothers received a monetary compensation and a

T-shirt with the study logo for their infant.
2.2 Study procedure

The data for the study were collected between May 2021 and April 2022. We used a pre-post-
test design with an experimental intervention (walk in an urban or in a natural environment) to
control for baseline mood and stress. The study procedure overview is shown in Figure 1. Using
a within-subject design, each mother-infant dyad went on walks in both urban and natural
environments, scheduled on two separate days. Mothers were not informed where the second
walk would take place until they completed the first walk, in order to avoid participant bias.
The order of the walks (natural or urban environment) was counterbalanced between the

participants. To increase the ecological validity of the intervention, we asked participants to go
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for a walk in a residential urban and natural environment known to them. Thus, for the natural
environment condition, mothers were instructed to take a walk in a nearby park that they
typically visit with their infant. For the urban environment condition, they were asked to walk
along a nearby busy street with traffic they typically use for grocery shopping or similar

activities.

natural environment
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Figure 1. Study procedure overview. Before the walk mothers filled out questionnaires assessing their own and
their infant’s emotional states and collected saliva samples (T1). Afterwards, mothers went with the infant in a
pram through urban and natural environments on different days, with the order of environments being randomised.
Upon their return from the walk, mothers collected saliva samples again (T2), as well as a breast milk sample.
Mothers then again filled out the same questionnaires, and collected additional saliva samples from themselves at
intervals of 30 (T3) and 60 minutes (T4) after T2. The figure is adapted from "How nature nurtures: Amygdala
activity decreases as the result of a one-hour walk in nature" by Sudimac et al., 2022, Molecular Psychiatry, 27,
p. 4448

Participants agreed with an experimenter on the exact route of the first walk, which was
then provided to them as a digital map via e-mail. Before going on the walk participants were
contacted by phone to ensure that they correctly understood the instructions, as well as how to
collect and store the saliva and the milk sample. Participants received necessary materials as
well as the instructions for collecting saliva and breast milk samples by post. Using these
instructions, mothers collected their saliva and their infant’s saliva themselves. Additionally,
mothers who were breastfeeding (n = 55) collected a sample of breast milk. After the first walk,
participants received the information about the second walk and a link for the online
questionnaires for the second walk.

The entire study procedure was carried out by participants themselves, although they
were given the option to contact the experimenters via e-mail or phone at any time. This
approach was chosen mainly to enhance the ecological validity of the study, focusing on the
effects of a walk in an everyday setting, but it was also affected by the limitations imposed by
the COVID-19 pandemic. Mothers chose the day when they wanted to go for a walk and

informed the experimenters. The median time interval between the two walks was 9.5 days

(range: 1-109 days). They were instructed to go for a walk in the afternoon, between 13h and
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17h, as cortisol levels are more stable in the afternoon than in the morning (Hansen et al., 2008).
On the day of the experiment, before the walk, mothers filled out an online questionnaire about
their mood, stress, rumination, and their infants’ behaviour, and completed a working memory
task. Subsequently, they collected their and their infant’s saliva (timepoint T1), and, after
placing their infant in a pram, proceeded to the prearranged route for a walk in an urban or in a
natural environment. Participants received a GPS device by post that they took with them during
the walk, to ensure that they walked the assigned route. Unfortunately, 40% of participants
forgot to use the device during walks and therefore the GPS data could not be used in our
analyses. The study walk was intended to last 45 minutes, with an additional 10-20 minutes to
walk from the participants’ home to the beginning of the route and back. Thus, mothers were
instructed to set their mobile phone alarm to 22 minutes from the moment of starting their walk
in the assigned environment, such as at the beginning of the park route for the natural
environment and at the beginning of a street for an urban environment. Upon hearing the alarm,
participants returned home using the same route, resulting in a total exposure time of 45 minutes
to either an urban or natural environment. The average walk was 50 minutes long (mean = 50
minutes, SD = 12.5 minutes), and the duration of the walk did not significantly differ between
the urban environment (mean duration = 50 minutes, SD = 8 minutes) and the natural

environment (mean duration = 51 minutes, SD = 14 minutes; #(87.28) =— 0.68; p = 0.501).

Upon their return from the walk, mothers again collected their own and their infants’
saliva (timepoint T2), as well as their breast milk. Additionally, mothers collected their own
saliva again 30 minutes (T3) and 60 minutes (T4) after timepoint T2. After collecting the first
saliva sample after the walk (timepoint T2), mothers completed the same questionnaire used
prior to the walk and again carried out the working memory task. Finally, they reported their
perceived attention restoration after the walk, filled out a socio-demographic questionnaire, and
answered questions about the walk. Mothers stored the saliva and breast milk samples in their
freezers (-20°C) until experimenters collected the material and stored it in a freezer in the
laboratory. Infants’ saliva samples were centrifuged and together with maternal saliva and
breast milk samples sent for further analysis. In the saliva samples we measured cortisol and in

the breast milk samples cortisol and cortisone.

2.3 Measures

2.3.1 Behavioural measures



Maternal stress. Stress in mothers was assessed with the Negative Affect Schedule scale from
the short version of the Positive and Negative Affect Schedule (PANAS) (Karim et al., 2011),
consisting of 5 items, edited to include additional high-arousal items (‘distressed’ and “irritable’
instead of ‘ashamed’ and ‘hostile’). The items in the scale are: upset, nervous, afraid, distressed,

and irritable. The scale ranges from 1 to 5, with higher values indicating higher Maternal stress.

Maternal mood — Positive affect. Positive affect was measured using the Positive Affect
Schedule scale in the short form of the PANAS (Karim et al., 2011). Positive Affect Schedule
scale on PANAS consists of 5 items and values can range from 1 to 5. The items in the scale
are: alert, inspired, determined, attentive, and active. Higher values indicate higher Positive

affect.

Maternal mood — Valence and Arousal. Mood valence and arousal were assessed using a short
version of Emotional Recall Task (ERT) (Li et al., 2020), in which participants were asked to
write down 5 words to describe feelings they were experiencing at the moment and then to use
the visual analog scale from 0 to 100 to indicate to what extent they were experiencing each of
the stated feelings. Subsequently, participants evaluated each of the feelings on the Valence
scale from ‘unpleasant’ to ‘pleasant’ and on the Arousal scale, from ‘calm’ to ‘excited’. Valence
and the Arousal scales can range from to —4 to +4. Negative values indicate negative valence

and lower arousal, whereas positive values indicate positive valence and higher arousal.

Maternal mood — Pleasantness, Calmness and Wakefulness. Pleasantness, Calmness and
Wakefulness were measured using a short version of the Multidimensional Mood Questionnaire
(MMQ) (Hinz, 2012). The MMQ consists of 12 adjectives rated on a 6-point Likert scale (from
‘definitely not’ to ‘extremely’) that measure three dimensions: Pleasantness (pleasantness—
unpleasantness), Calmness (calm—restless), and Wakefulness (awake—sleepy). All the scales
can range from 1 to 5 with higher values indicating higher pleasantness, calmness and,

wakefulness.

Rumination. Maternal trait rumination was assessed with the Rumination section of the
Reflection Rumination Questionnaire (RRQ) (Elkhaouda, 2010). Participants answered how
they have been feeling lately on the items such as “I always seem to be rehashing in my mind
recent things I’ve said or done” on a scale from 1 to 5. The Rumination questionnaire consists
of 12 items and the scale can range from 12 to 60 with higher values indicating higher trait

rumination.
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Working memory capacity. We used a visual version of the Digit Span Backwards task with
performance-adapted adjustment (DSB) (Bowden et al., 2013) to assess mothers’ working
memory capacity. The score can range from 0 to 14, with higher score indicating better working

memory capacity.

Perceived attention restoration. Perceived attention restoration was measured with Perceived
Restorativeness Scale (PRS) (Schonbauer, 2013). The scale consists of 12 items and it can range

from 1 to 11. Higher values on the scale indicate higher attention restoration.

Connectedness to nature. Connectednesss to nature was measured by means of the
Connectedness with nature scale (Cervinka et al., 2009). It consists of 13 items and it can range

from 13 to 65, with higher values indicating higher connectedness to nature.

Early-life urbanicity. Early-life urbanicity assesses urban upbringing, quantifying it as follows:
number of years spent in a city (population over 100,000 inhabitants) before age 15, multiplied
by 3, plus years spent in a town (population between 10,000 and 100,000 inhabitants) multiplied
by 2, plus years spent in a rural environment (Lederbogen et al., 2011). This method aims to
provide a weighted measure of early-life exposure to varying degrees of urban environments.

It can range from 15 to 45 with higher values indicating higher early-life urbanicity.

Infant behaviour — Stress and Arousal. Infant behaviour was measured with Stress Arousal
Checklist (SACL) (McCormick et al., 1985) in which mothers reported their infants’ stress and
arousal. The SACL consists of 30 adjectives describing emotions on a 4-point Likert scale, that
are classified into two separate subscales: arousal (12 items) and stress (18 items). The scales
can range from 1 to 4. Higher values on these subscales respectively indicates increased arousal

and stress.

All behavioural measures, as well as the working memory task were completed before and after
the walk, except for the Perceived Restorativeness Scale, Connectedness to nature, and Early-

life urbanicity, assessed only after the walk.

2.3.2 Physiological measures

Stress levels were measured physiologically with glucocorticoid concentrations in mothers’ and
infants’ saliva (i.e., cortisol), as well as in mothers’ breast milk (i.e., cortisol and cortisone).
Maternal saliva samples were collected through passive drooling using provided tubes and a

short straw. Cortisol concentrations were determined using immunoassay (LabService,
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Dresden, Germany) and expressed in nanomoles per liter (nmol/L). Saliva samples were frozen
and stored at —20 degrees Celsius until analysis. After thawing, samples were centrifuged at
3,000 rpm for 5 min, which resulted in a clear supernatant of low viscosity. Salivary
concentrations were measured using commercially available chemiluminescence immunoassay
with high sensitivity (Tecan — IBL International, Hamburg, Germany; catalogue number
R62111). The intra-assay coefficient of variance was 2.1% and inter-assay coefficients of

variance was 3.9%.

Mothers collected their own saliva samples at four time points: T1 — at pretest, and three
times at posttest: T2 — directly after the walk, T3 — around 30 minutes after T2, T4 — around 60
minutes after T2. Mothers collected saliva samples from their babies using an eye sponge (De

Weerth et al., 2007) placed in the baby’s mouth before and after the walk (T1 and T2).

Milk cortisol determinations were carried out by analysing cortisol and cortisone in
mothers’ breast milk in the subsample of mothers who breastfed, with collections made only
after the walk. Breast milk samples were processed and hormone levels of cortisol and cortisone

were measured at the Endocrinology Laboratory of UMC Utrecht, Netherlands.

2.4 Data Analysis

2.4.1 Behavioural measures

Missing data. Data of two participants on behavioural measures were not recorded, whereas
five participants were excluded from the analyses because they went for a walk to a route
different than the one that was assigned to them. One participant was excluded from the
behavioural data analysis because she only participated in the first walk. Data of four
participants were excluded from the analysis in the working memory task (DSB) as they
reported that they were distracted by their infant during the task. Thus, the final sample in the
analysis of behavioural data consisted of 61 participants for the working memory task and 65

participants for all remaining tasks.

Outliers. As preregistered, the participants who scored 3 standard deviations (SD) below or
above the mean were treated as outliers and were winsorised. In the MMQ three such outliers
were identified and subsequently winsorised. One outlier was detected in the DSB task and

winsorised.
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Statistical analyses. Self-reports (PANAS, ERT, MMQ, RRQ, SACL) and the working memory
task (DSB) that were administered before and after the walk were analysed with two-way
repeated-measures ANOVA with within-subject factors time (pre vs. post) and environment
(urban vs. nature). The dimension Wakefulness in the MMQ met the normality assumption and
was analysed with ezANOVA from the package ez (Lawrence & Lawrence, 2016). Measures
that were not normally distributed (PANAS, dimensions Pleasantness and Calmness in the
MMQ, RRQ, DSB, and SACL) were analysed using non-parametric ANOVA from the R
package WRS2 (Mair & Wilcox, 2020). PRS, administered only after the walk, was analysed
with the Wilcoxon test.

Additionally, sensitivity analyses were performed by repeating the analyses when
excluding the participants who reported irregularities in the study protocol that might have
impacted score on the questionnaires. These irregularities included: using mobile phone more
than 10 minutes during the walk (4 participants), experiencing irregularities that could have
affected stress levels during the walk (4 participants), walking on a weekend (1 participant),
and going for a walk on the same route more than twice, potentially leading to increased
familiarity with the study protocol (2 participants). Upon reanalysis excluding these participant
groups, the outcomes remained consistent. Thus, for enhanced statistical power, the results

presented include the entire sample.

In the analysis of covariance (ANCOVA), covariates were selected based on variables
that showed significant differences between urban and natural environments. They included
increased mothers’ fear of COVID-19 infection after the urban walk (#83.85) = 2.91; p =
0.005), as well as more sunlight (#(125.48) = 2.75; p = 0.007) during urban walks compared to
those in natural settings. Despite integrating these factors — COVID-19 infection fear and
sunlight —as covariates in the analysis, the outcomes remained consistent with those obtained
without considering these covariates. Therefore, we present the results from the analysis

without these covariates.

2.4.2 Physiological measures

Missing data. In the analysis of maternal salivary cortisol, five participants deviated from their
assigned walk and these walks were excluded from further analysis of maternal salivary
cortisol. Due to insufficient maternal saliva volumes, data were missing for 35 time points.

Nevertheless, participants with incomplete data or those who only participated in the first walk
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were not excluded, as multilevel modeling is capable of handling missing data. In the analysis
of maternal cortisol and cortisone concentrations from the breast milk and infants’ cortisol
concentrations, five participants were excluded: four for walking a different route than assigned
and one who participated only in the first walk. The breast milk sample was missing in one of
the walks for three participants, therefore, they were excluded from the further analysis. Ten
mothers did not breastfeed, resulting in the sample of 55 participants in the analysis of cortisol
in mothers’ breast milk. In the analysis of infant salivary cortisol 13 samples did not contain
enough saliva for the analysis, therefore, their data were excluded from further analysis,

resulting in a final sample of 54 infants (19 female, mean age = 7.7 months, SD = 3.25).

Outliers. Salivary cortisol concentrations in mothers were measured at four different times: T1,
T2, T3, T4, resulting in 8 data points per participant. We detected 8 data points with scores
higher than 3 SD above the mean and winsorised them. In the analysis of cortisol and cortisone
concentrations in mothers’ breast milk, one outlier was identified in cortisone values, whereas
two outliers were identified in cortisol values and were therefore winsorised. Since in the
analysis of infant salivary cortisol, cortisol levels in three participants were higher than 3 SD

above the mean, their data were winsorised.

Statistical analyses. To examine whether the walk in a natural or an urban environment affected
salivary cortisol concentrations in mothers, as physiological indicators of their state stress, we
performed multilevel growth curve modeling using /me4 package (Bates et al., 2015). An
additional model was considered in which we used an indicator coding to depict walks during
which irregularities were reported that may have affected cortisol concentrations: using phone
more than 10 minutes during the walk (4 walks), irregularities during the walk that could have
affected stress levels (4 walks), going for a walk on a weekend (1 walk), going for a walk more
than twice, which may have led to higher familiarity with the protocol (3 walks), as well as
collecting saliva at T1 before 12h (2 walks), and after 17h (1 walk). After adding these dummy
coded variables as covariates in the model, the results remained stable. Therefore, according to
the principle of parsimony, we present the results without these covariates.

In the breast milk analysis for cortisol and cortisone concentrations, the cortisone
distribution adhered to the assumption of normality and was analysed using a paired-samples t-
test. However, cortisol distribution did not fulfill the normality criteria and was therefore

examined using the Wilcoxon test. In the analysis of infant salivary cortisol, where the data
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were not normally distributed, they were analysed using non-parametric ANOVA from the R

package WRS2 (Mair & Wilcox, 2020).

3. Results

3.1 Behavioural measures

3.1.1 Preliminary analyses

Descriptive statistics for the behavioural variables are presented in Table 1.

Table 1: Descriptive statistics of behavioural variables.

Mean + SD
Urban Nature
Variable Pre-walk Post-walk Pre-walk Post-walk
Maternal stress? 1.80 £ 1.00 1.40 £ 0.40 1.60 £ 1.0 1.20 £ 0.60
ﬁ?@tgfal mood = Positive 3434085  337+073 | 339+073  3.28+0.80
Maternal mood — Valence 0.51+1.36 0.85+1.36 0.521.33 1.27+1.48
Maternal mood — Arousal -025+1.16 —-048+1.05|-029+1.11 —-0.81+1.11
Maternal mood — Pleasantness? 4.00 £1.25 4.25+1.00 4.25+1.25 4.50 £0.75
Maternal mood — Calmness? 3.50+£1.25 3.75+1.50 3.50+£1.50 4.00 £ 1.00
Maternal mood — Wakefulness 2.92+0.98 3.11+0.86 2.94+0.97 3.23+0.89
Rumination? 41.00 +12.00  40.00 £ 13.00 | 42.00 £ 14.00 40.00 £ 14.00
Working memory capacity?® 2.50+5.00 3.00+4.00 | 3.00+5.00 3.00 + 5.00
Perceived restored attention? - 4.00 + 3.00 - 8.00 +4.00
Infant behaviour — Stress? 2.94 £ 0.67 3.00 £ 0.44 2.83 £0.67 3.06 £ 0.39
Infant behaviour — Arousal? 3.00+1.50  3.00+1.00 3.00+£1.25 3.25+1.00

Note: SD = standard deviation; /QR = interquartile range.

8For variables with non-normal distributions, medians and interquartile range (IQR) values are provided.
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3.1.2 Main analyses

Self-report measures were analysed with two-way repeated-measures ANOVA with within-
subject factors time (pre vs. post) and environment (urban vs. nature), focusing on environment-
by-time interaction. Despite our expectations, there was no significant environment-by-time
interaction in maternal self-reported Stress (F(1,64) = 0.56; p = 0.458), Positive affect (F(1,64)
=0.22; p = 0.640), mood — Valence (F(1,64) = 2.45; p < 0.122), mood — Arousal (F(1,64) =
1.40; p <0.241), Pleasantness (F(1,64)=0.63; p =0.626), Calmness (F(1,64)=1.85; p=0.177),
Wakefulness (F(1,64) =0.43; p = 0.516), Rumination (¥(1,60) = 0.04; p = 0.849), and Working
memory capacity (F(1,64) = 0.17; p = 0.679). However, mothers reported that the natural
environment walk was more restorative than the urban environment walk (Z = — 5.89; p <
0.001). They also enjoyed the walk in the natural environment more than in the urban
environment (Z = — 6.76; p < 0.001). Contrary to our expectations, we found no significant
environment-by-time interaction in infants Stress (F(1,64) = 1.28; p = 0.260) or Arousal

(F(1,64) = 0.65; p = 0.423).

3.1.3 Secondary analyses

Since we did not observe the results that we initially hypothesised and preregistered, we
performed exploratory analyses to further examine the effects of walking in a natural vs. an
urban environment on the behavioural data. We conducted post hoc t-tests to separately analyse
the effects of walking in an urban and in a natural environment on behaviour.

Wilcoxon t-test revealed that Maternal stress significantly decreased during both walks:
urban (Z =-2.99; p = 0.003) and natural (Z=-4.59; p <0.001; Figure 2). On the other hand,
Wilcoxon tests showed that Positive affect did not change during the walk in the urban (Z = —

0.77; p = 0.438) nor the natural environment (Z = - 0.88; p = 0.377; Table 1).
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Figure 2. Maternal self-reported stress levels before and after a walk in an urban and in a natural
environment. Maternal self-reported stress decreased during walks in both urban and natural environments.
Note: **p < 0.01; ***p <0.001

Post-hoc t-tests also revealed significantly increasing mood — Valence (#(64) = — 4.10;
p <0.001; Figure 3a) and decreasing mood — Arousal (#(64) =2.98; p = 0.004; Figure 3b) during
the walk in the natural environment, whereas Valence (#(64) = — 1.52; p = 0.132; Figure 3a)
and Arousal (#(64) = 1.65; p = 0.103; Figure 3b) did not change during the urban walk.
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Figure 3. Maternal mood before and after a walk in an urban and in a natural environment. a) Maternal
mood — Valence increased during a walk in nature, whereas it remained stable during an urban walk. b) Maternal
mood — Arousal decreased during a walk in nature, whereas it remained stable during an urban walk.

Note: **p < 0.01; ***p <0.001

Additionally, post hoc t-test analyses revealed significant increases after both walks on
Pleasantness: urban (Z=—2.29 p < 0.022) and natural (Z = - 3.48; p <0.001; Table 1), and in
Calmness: urban (Z=-3.02; p = 0.002) and natural (Z=-4.50; p <0.001; Table 1). However,
significant increases in mothers’ Wakefulness were found only after the natural walk (#(64) =
— 2.47; p = 0.016), and not the urban (#(64) = — 1.63 ; p = 0.108; Table 1). Rumination
significantly decreased in the urban environment (Z = — 2.12 p = 0.034), but remained
unchanged in the natural walk (Z=-1.56 p =0.118; Table 1). Working memory did not change
after both walks: urban (Z=-0.19; p = 0.848) and natural (Z=-0.16; p = 0.869; Table 1).

Post hoc t-test on infant behaviour revealed increases in Stress during the natural walk
(Z=-3.28 p=10.001), and no significant change in the urban walk (Z=-1.44 p = 0.148; Table
1), and no changes in Arousal after both walks: urban (Z=-1.72 p = 0.086) and natural (£ =—
0.65 p=0.515; Table 1).

In summary, the exploratory analyses showed that after both the walk in an urban and
natural environment, mothers’ Pleasantness and Calmness increased, whereas Maternal stress
levels decreased. Furthermore, the findings indicated that walks in nature led to enhanced
Maternal mood — Valence and Wakefulness, along with reduced Maternal mood — Arousal.
Contrary to our expectations, mothers experienced a reduction in Rumination following the
urban walk, while mothers reported higher infant Stress after the nature walk. Lastly, there were

no observed changes in mothers’ Positive affect or infant Arousal during either of the walks.
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3.2 Physiological measures

3.2.1 Preliminary analyses

Within the preliminary analyses of maternal salivary cortisol, we first examined whether each
timepoint differed between the natural and urban environments. Paired-samples t-tests revealed
that cortisol concentrations did not significantly differ between the natural and urban
environments at any time point (T1: (#(62) =—1.47; p=0.147); T2: (1(62) =— 1.27; p = 0.209);
T3: (#60)=—1.60; p=0.115); T4: (#63) =0.24; p = 0.813). Descriptive statistics for maternal
salivary cortisol at T1 to T4 are presented in Table 2, and the corresponding data are depicted
in Figure 4. Further, we examined differences between time points within each environment.
We performed paired-samples t-tests to examine whether there was potential change in cortisol
concentrations after the walks (from point T1 to point T2). As presented on Figure 4, we
observed a decrease in cortisol concentrations after the walk in both urban (#63) = 3.96; p <
0.001) and natural environments (#(61) = 4.34; p < 0.001). It should be noted that salivary
cortisol concentrations reflect cortisol from 20 to 30 minutes prior to the collection, indicating
that a decrease in cortisol concentrations occurred towards the end of the walks. Further analysis
showed that cortisol corrected for pre-walk levels (adjusted by subtracting cortisol levels at T1)
between T2 and T4 decreased significantly only after the walk in nature (#(64) = 3.08; p =
0.003), but not after the walk in an urban environment (#66) = 0.60; p = 0.551; Figure 4).
Similarly, cortisol significantly dropped from T3 to T4, also only after the walk in nature (#63)
=2.23; p =0.029), whereas it remained unchanged after the urban walk(#(66) = 0.38; p = 0.704;
Figure 4). These findings suggest that the cortisol concentrations continued to decrease after
the walk in nature, at least until one hour after the walk, while in the urban environment the

cortisol only decreased from before to after the walk.

Table 2: Descriptive statistics of maternal salivary cortisol concentrations

Urban Nature
Maternal salivary
. T1 T2 T3 T4 T1 T2 T3 T4
cortisol
Mean 3.18 251 2.33 2.24 3.65 2.85 2.64 2.22
SD 1.50 1.21 0.96 1.42 1.62 1.34 1.29 1.06

Note. SD = standard deviation.
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Figure 4. Mother salivary cortisol at time points T1-T4. Cortisol levels in mothers showed a significant
decrease immediately after the walk (T2) compared to pre-walk levels (T1). After the walk in nature, cortisol
levels significantly dropped from right after the walk (T2) and 30 minutes post-walk (T3) to 60 minutes post-walk
(T4), whereas no change was observed following the walk in an urban environment after T2.

Note: *p <0.05; **p < 0.01; ***p <0.001

3.2.2 Main analyses

Table 3 presents results from the multilevel model analyses on salivary cortisol concentrations
in mothers. Firstly, in Model 1 we added linear time (time in minutes from collecting sample

before the walk), quadratic time, the environment (urban and natural), and the interaction of the
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linear time and the environment. In Model 2, for reasons of parsimony, we incorporated only
significant covariates, namely, variables that showed significant differences between the walk
in an urban and in a natural environment. These included sunny weather, and fear of COVID-
19 infection, as they may have influenced the changes in cortisol concentrations during the
walks. Additionally, we controlled for self-reported Maternal stress before the walk, as a
baseline of stress in mothers. The final model (Model 2) included 538 observations nested
within 72 participants. Model 2 fit the data better (AIC: 1734.3, BIC: 1784.1) than Model 1
well (AIC: 1948.8, BIC: 1987.1).

Contrary to our initial hypothesis, the interaction between environment and time on
maternal salivary cortisol concentrations did not reach significance in either Model 1 (p =
0.177) or Model 2 (p = 0.201). We observed a significant decrease in cortisol concentrations
from T1 to T4 in both Model 1 (p = 0.003) and Model 2 (p = 0.007), meaning that the walk
itself apparently had a cortisol-decreasing effect that was unrelated to where the walk took place
(see Figure 4). Findings revealed that the covariate Sunny walk was negatively associated with
cortisol concentrations, meaning that cortisol concentrations were lower when it was sunny
weather. The covariate Fear of COVID-19 infection showed a negative correlation with cortisol
concentrations, which might seem counterintuitive. However, this measure was not indicative
of fear during the walk, but rather reflected participants’ general concern about contracting
COVID-19. It is possible that participants who had a greater fear of the virus might have found
the walk more relaxing. It is important to acknowledge, though, that the number of COVID-19
cases varied during the data collection period, and for some participants, there was a gap of
several weeks between the two walks. Therefore, their fear level might have been influenced
by the prevailing case numbers at those specific times, which may have varied between the two

walks.
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Table 3: Multilevel growth curve model analyses of Maternal cortisol levels by

Environment and Time (Model 1) and with covariates (Model 2)

Model 1 Model 2

B (SE) t B (SE) t
Intercept —0.047 (0.157) -0.30 0.679 (0.308) 2.21%*
Lineartime ~ —0.010(0.004)  —2.93** —0.009 (0.003) 270
Quadratic time 0.000 (0.000) 1.58 —0.000 (0.000) 1.15
Natural 0.023 (0.215) 0.11 0.129 (0.226) 0.58
environment
Linear time X
Natural —0.003 (0.002) -1.35 —0.003 (0.002) -1.28
environment
Maternal stress _ _ —0.220 (0.133) —1.65
before the walk?
Sunny walk? - - —0.007 (0.002) — 387
Fear of COVID- _ _ —0.009 (0.004) —2.16*

19 infection®

Note: B= prediction effect; SE = standard error
*p <0.05

**p <0.01

**%p <0.001
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Table 4 presents the descriptive statistics for infant salivary cortisol, and the concentrations of

cortisol and cortisone in mothers’ breast milk.

Table 4: Descriptive statistics of infant salivary cortisol concentrations and cortisol and

cortisone concentrations in mothers’ breast milk.

Mean + SD

Urban Nature

Variable Pre-walk Post-walk Pre-walk Post-walk

Infant salivary cortisol? 2.84+2.47 1.69+2.11 2.57+£2.23 1.89+1.76

Breast milk cortisol? — 2.30+1.55 - 2.60+£2.30

Breast milk cortisone - 13.76 £4.79 - 15.03 +5.39

Note. SD = standard deviation.

For variables with non-normal distributions, median and interquartile range (IQR) values are provided.

Contrary to our hypothesis, the ANOVA revealed no environment-by-time interaction
(F(1,53) = 0.008; p = 0.930) in infant salivary cortisol levels. Salivary cortisol in mothers and
infants was positively associated before the walk (7(126) =0.18, p = 0.039), but the association
became marginally significant at T2, after the walk (#(123) = 0.17, p = 0.065).

The analysis of stress-related hormones in mothers’ breast milk showed that there was
likewise no difference after the walk from nature relative to the walk in an urban environment
in mothers’ breast milk cortisol (Z =—1.72, p = 0.122), or in cortisone concentrations (#(54) =
— 1.56, p = 0.124; Table 4). Cortisol in mothers’ breast milk was positively associated with
maternal salivary cortisol collected at the same time, after the walk ((106) = 0.49, p <0.001).

3.2.3 Secondary analyses

Since we did not observe the environment-by-time interaction in infant salivary cortisol levels,
we performed post hoc t-tests to examine whether their cortisol levels changed after the walk

in an urban and natural environment. The results revealed that infants’ cortisol levels decreased
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after both the walk in nature (Z =-2.19, p = 0.029) as in the urban environment (Z=-2.14, p
=0.033; Figure 5).

*
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before tlhe walk after tr;e walk

Figure 5. Infant salivary cortisol before and after a walk in an urban and in a natural environment. Infant
salivary cortisol decreased during walks in both urban and natural environments.
Note: *p <0.05

4. Discussion

While numerous studies have demonstrated the mental health benefits of nature (Barnes et al.,
2019; Corazon et al., 2019; Kondo et al., 2018; Kotera et al., 2022; McMahan & Estes, 2015;
Oh et al., 2017) and its role in reducing cortisol levels (Antonelli et al., 2019; Chang et al.,
2019), there has been a lack of research on the effects of exposure to residential natural and
urban settings in children. To the best of our knowledge, this is the first study to investigate the
causal link between a walk in residential natural vs. urban environments and both objective and

subjective stress indicators in mothers and their infants.

Contrary to our preregistered hypotheses, we did not observe a significant interaction
between environment and time in behavioural measures such as self-reported maternal stress,
mood, working memory, and rumination, along with infants’ stress and arousal. Similarly, no
significant interaction was found in objective, physiological stress indicators, such as salivary

cortisol concentrations in both mothers and infants, and cortisol and cortisone concentrations
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in maternal breastmilk. Nevertheless, mothers reported increased feelings of pleasantness and
calmness after both walks, along with a decrease in stress. In line with this, the data did show
a maternal and infant decrease in salivary cortisol concentrations from pre- to post-walk, but

this was comparable in the natural and urban walks.

Several factors could account for the absence of the expected interaction between time
and environment on both subjective and objective stress indicators. Regarding physiological
indicators of stress, the results suggest that going on a walk, in general, reduced cortisol
concentrations in mothers, implying that the walk itself, irrespective of the environment, may
be beneficial for physiological indicators of stress. This aligns with previous studies (Gidlow,
Jones, et al., 2016; Tyrviinen et al., 2014; Veitch et al., 2022), which also found no significant
differences in cortisol levels when comparing walking in natural and urban environments, but
observed cortisol decreases after walks in all environments. Furthermore, a systematic review
shows that existing literature does not provide conclusive evidence that exposure to urban green
spaces reduces physiological indicators of stress, including cortisol concentrations (Kondo et
al., 2018). The key difference to previous studies showing larger cortisol decreases in natural
vs. urban environments (Antonelli et al., 2019) is that they implemented a full day of forest
immersions. This implies that longer immersion durations may be necessary to observe changes
in cortisol levels. Moreover, in the previous studies reporting the effects of forest bathing on
cortisol levels, the samples consisted of exclusively male participants (Kobayashi et al., 2012,
2019; B. J. Park et al., 2010; B.-J. Park et al., 2008, 2011; Tsunetsugu et al., 2010). Therefore,
these findings might not be comparable to the results from the present study, consisting only of
females. The analysis of cortisol in breast milk in a subsample of mothers who breastfed showed
that breast milk cortisol concentrations also did not significantly differ between the urban and
nature walk. However, due to challenges in collecting multiple breast milk samples in a short
timeframe, we only obtained post-walk samples, preventing us from accounting for baseline
breast milk cortisol levels. Importantly, cortisol concentrations in breast milk were associated
with maternal salivary cortisol concentrations. Hence, the lack of significant differences
between conditions in the breast milk cortisol and cortisone may be reflecting the lack of

differences also found in maternal salivary cortisol.

Another potential reason for the lack of observed difference between walking in
residential natural vs. urban environments on both physiological and subjective indicators of
stress may be the location of the walks. Unlike prior studies focusing on stress reduction after

a walk in natural vs. urban settings, where participants followed a predetermined path, our study
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sought ecological validity by assessing stress changes during walks along various routes in
participants’ residential environments. Thus, familiarity with these settings might have reduced
the distinct impacts of natural and urban environments on stress. This leads to the question of
whether more remote natural settings are required to fully experience the stress-reducing effects
of nature, as suggested by forest bathing studies (Antonelli et al., 2019), as previous research
on the effects of urban parks has not yet shown clear evidence of cortisol reduction (Kondo et
al., 2018). Furthermore, going for a walk in wild nature has been found to decrease cortisol
levels, compared to visiting an urban park or a built environment (Ewert & Chang, 2018). Thus,
it seems that remote natural settings, abundant in natural elements like forests, might be
essential to observe these stress-reducing effects on cortisol levels. Further studies are essential
to determine whether visiting everyday urban green spaces may have beneficial effects on
mental health as well. Additionally, high variability in environments along different paths, that
were classified as “natural” or “urban” in our study, might have also played a role. Participants
walked a range of different routes within both natural and urban environment, leading to a
broader range of experiences compared to studies with a uniform path. Moreover, the residential
environments in this study may be substantially different from environments in previous
studies. For instance, urban settings in Berlin typically include streets with multiple car lanes
and shops, but also a considerable number of trees, which might be different in other cities.
This raises questions about the extent of natural features needed in an environment to yield
stress-reduction benefits. An additional problem with the current experimental design may have
been that many participants needed to go through urban areas to reach nearby parks, therefore
their exposure to nature was interspersed with urban elements. The inevitable urban exposure
in the nature walk condition might have impeded the potential stress-relieving impact of natural

environments.

Another possible explanation for the absence of the interaction effect might be the
current study’s population of mothers and infants differed from that of previous studies.
Furthermore, the presence of infants, who may have required care during the walks, might have
influenced the mothers’ stress levels, overshadowing environmental effects. The absence of
observed effects on infants in our study could be attributed to the wide range of developmental
stages in our sample (from 2 to 15 months) or to the possibility that the infants were too young
to experience the positive impacts of nature. Therefore, future research should consider
focusing on a more specific age range, include older children, or recruiting a large enough study

population to study potential age effects.
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A unique aspect of our study was that the mothers gathered data on their own, without
the presence of an experimenter. While this approach was intended to better integrate the study
into the participants’ daily lives, thereby increasing ecological validity, navigating the study
protocol alone may have caused stress for mothers, as also reported by some. This, in turn,
could have interfered with the stress level outcomes resulting from the exposure to urban and
natural environments. Yet, this factor was consistent across both natural and urban conditions,
and since the order of walks was counterbalanced, any stress related to the study protocol should

have been equally distributed between conditions.

Upon examining the differences in cortisol between each timepoint, our findings
revealed a significant reduction in maternal cortisol concentrations from T2 to T4 (immediately
after the walk to one hour post-walk) and from T3 to T4 (half an hour to one hour post-walk),
but only following the walk in nature. No such change was observed after walking in an urban
environment. Thus, cortisol concentrations seem to have continued to decrease at least until one
hour after walking in nature, but not after urban walks. This may be interpreted as a hint that
nature might have a larger stress-relieving effect compared to urban environments, but that this
is only manifested later in time. However, further research is needed to replicate these findings

and determine the duration of this effect.

Our exploratory analyses looking at self-reports separately for both walks, revealed that
pleasantness and calmness in mothers increased after walks in both environments, whereas their
stress levels decreased. This suggests that walking, regardless of the setting, had a positive
effect on mothers’ psychological wellbeing. This is in agreement with prior research, which
demonstrated mood improvements and reduction of negative affect after walking in all three
studied environments — natural settings, natural areas with water, and urban landscapes

(Gidlow, Jones, et al., 2016; Tyrvéinen et al., 2014).

Contrary to our expectation, positive affect in mothers did not change after either of the
walks. However, in line with our hypothesis, mothers reported enhanced wakefulness and mood
valence, along with reduced mood arousal after the walk in a natural, but not an urban
environment. This discrepancy in self-reported outcomes, with no change in positive affect
post-walk (as measured by PANAS), but an increase in mood valence and a decrease in arousal
after the nature walk (as assessed by ERT), may stem from the differing ways of assessing
mood in PANAS and ERT. In the ERT participants describe their affect themselves with

adjectives that characterise how they feel at the very moment and then they rate these adjectives
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on valence and arousal. In contrast, PANAS focuses on a closed set of words (e.g. “inspired”,
“determined””) where common emotions (e.g., “happy”) and items with low arousal are not
present (Li et al., 2020). The PANAS may therefore be less suitable to assess mood changes

after only one hour.

Opposite to what we anticipated, mothers experienced a reduction in rumination after
the urban walk, whereas rumination did not change after the walk in nature. These findings
contrast with prior research that reported a decrease in rumination after nature walks compared
to urban walks (Bratman et al., 2015; Lopes et al., 2020). However, one of the differences
between the previous studies and the present study is that mothers walked in familiar, residential
environments, unlike predefined routes in the previous studies. Such familiarity might have
provided more opportunities for social cues (e.g. seeing a neighbour) that may reduce feelings
of isolation linked with rumination. Moreover, the diversity of stimuli in urban walks might
have provided greater distraction from ruminative thoughts. Notably, in the present study, we
measured rumination as a trait, inquiring how participants felt lately, rather than as a state
rumination, which probes thoughts and feelings in the previous hour, as was done in previous
studies (Bratman et al., 2015; Lopes et al., 2020). Capturing changes in trait rumination within
a single day can be challenging, warranting cautious interpretation of the results. Additionally,
the results revealed no change in mothers’ working memory capacity during the walks,
consistent with several previous studies (De Brito et al., 2019; Koselka et al., 2019; Perkins et
al., 2011), but differing from a study by Berman and colleagues (Berman et al., 2008). Our
approaches differed in that we did not use a mental fatigue task prior to the walks and employed
a visual, rather than verbal working memory task. This variation, along with our unique
participant sample of mothers and infants walking in residential areas, and potential distractions
by infants during the working memory task (despite excluding mothers who reported such
distractions), may have influenced these results. Nevertheless, in alignment with our predictions
and consistent with Attention Restoration Theory (Kaplan, 1995), mothers reported higher
perceived attention restoration after walks in natural settings compared to urban ones.
Consistent with this finding, they enjoyed the walk in nature more than the walk in an urban
environment.

Contrary to our expectations, mothers observed no change in their infants’ arousal
during the walk, but reported increased stress in infants after walks in nature. It may be that
physical discomfort, such as uneven terrain, typical for urban parks may have led to discomfort
for infants, perceived by mothers as higher stress. Nevertheless, it is important to note that

infants’ arousal and stress were measured via mothers’ reports about infants’ behaviour and
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therefore may reflect their interpretation of the infants’ emotional state. Further research in
infants is necessary to examine whether, and in what way, their stress and mood change after
exposure to natural and urban environments.

Exploratory analysis of infants’ salivary cortisol revealed that cortisol levels in infants
decreased during walks in both natural and urban settings. These results correspond with
reduced salivary cortisol in mothers after both walks, and implies the walks’ positive impact on

infants’ stress.

This study has several limitations. The distinct characteristics of natural and urban
environments in Berlin raise questions about the comparability of routes across participants
within each condition. Future studies using residential walking routes might benefit from
examining specific environmental features, like tree coverage, as continuous variables, instead
of broadly categorizing the settings of the walks as natural or urban. Additionally, most nature
walks included exposure to urban areas, as participants navigated through them on the way to
and from the natural settings. An additional limitation is the absence of objective data on the
route and duration of the walks (GPS data), prohibiting us from linking objectively measured
data, such as duration of the walk and environmental characteristics to the outcomes. A further
potential constraint is the uneven sex distribution among infants, with only 25 of 73 being
female. Future studies should aim for a more balanced distribution of males and females among
infant participants to ensure broader applicability of the results and better understanding of sex-
specific responses. Moreover, in our assessment of rumination during the walk, we used a
survey designed to measure trait rumination, while measuring state rumination would have been
more appropriate for this context. Therefore, we suggest that future studies focus on assessing

how exposure to these environments impacts state rumination instead.

Further, even though the study protocol was designed for mothers to conduct
independently in order to enhance ecological validity, future research might benefit from having
an on-site experimenter to ensure study protocol uniformity and answer questions, potentially
reducing additional stress elicited by the protocol. Collecting breast milk samples only after the
walk did not enable us to account for baseline cortisol and cortisone. While it could be
inconvenient for mothers to provide breast milk samples twice in such a short time span, future
studies could include a subsample of participants willing to collect these samples both before
and after the walk. Additionally, it remains uncertain whether lower cortisol concentrations in
mothers and infants after walking in both natural and urban environments resulted from the

walk itself or from daily cortisol fluctuations. Even though mothers went for a walk in the

29



afternoon (from 13h to 17h), a period generally marked by more stable cortisol levels (Hansen
et al., 2008), we cannot discard the possibility that the decrease in cortisol concentrations after
the walk might be attributed to cortisol’s diurnal rhythm, which typically diminishes throughout
the day (Miller et al., 2016). Due to large differences in cortisol concentrations depending on
the time of the day, future research should consider collecting an additional salivary cortisol
sample before the walk, in order to establish a more stable cortisol baseline. Ideally, salivary
cortisol samples within subsequent studies could be collected on several non-experimental days
at various times, in order to examine whether the decrease in cortisol levels is impacted by the
walk or present diurnal cortisol fluctuations. Finally, future studies should extend this field of

investigation to father-infant dyads and other caregiver-child pairs.

5. Conclusions

In this study we investigated the causal effects of residential urban and natural environments
on objective and subjective indicators of stress in mother-infant dyads during a one-hour walk.
Our findings did not reveal any significant differences in physiological or self-reported stress
levels between the urban and natural walks. We observed a decrease in cortisol concentrations
after both walks in mothers and infants, suggesting that a walk in a residential environment had
beneficial effects on objective indicators of stress, regardless of the type of the environment.
Exploratory analysis of maternal self-reports revealed a decrease in stress levels in mothers
after both walks, also suggesting that both walks had positive effects on stress reduction. These
findings underscore the need for more research to understand how residential natural
environments may benefit mother-infant dyads. The ultimate goal of this line of research is to
inform urban design policies that can enhance mental health for diverse populations and age

groups by contributing to the creation of optimal urban living spaces.
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Supplementary Information

Supplementary results

In an exploratory manner, we examined the relationship between changes in cortisol levels
during walks with mothers’ connectedness to nature, as well as with their upbringing in an
urban environment.

In a previous study in which participants went for a walk in an urban and in a natural
environment we investigated changes in amygdala activity, a stress-related brain region
(Sudimac & Kiihn, 2022). This study revealed a positive association between a change in
amygdala activity on a social stress task during the urban walk and participants’ connectedness
to nature only in women, suggesting that women who feel more connected to nature experience
a greater impact on their stress-related brain activity during the urban walk. Furthermore, a
recent review suggested a mediating effect of connectedness to nature between exposure to
natural environments and cortisol concentrations (Gal & DOomotor, 2023). Based on these
findings, we exploratorily examined the change in mothers’ stress-related salivary cortisol
concentrations after the walk (cortisol levels at T1 — T2) with their connectedness to nature.
The results revealed a positive correlation between the change in salivary cortisol
concentrations during the urban walk and connectedness to nature (#(62) = 0.30, p = 0.01;
Supplementary Figure 1), while no correlation was observed for the walk in nature. This
indicates that the greater a mother’s connectedness to nature, the higher the increase in cortisol
levels during the urban walk. This finding aligns with the previous study showing that women
who feel more connected to nature experienced higher change in stress-related amygdala

activity during an urban walk (Sudimac & Kiihn, 2022).
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Supplementary Figure 1. Positive correlation between the change in maternal cortisol concentrations during
urban walks and mothers’ connectedness to nature

We also observed a negative correlation between a cortisol change during a walk in an
urban environment and early-life urbanicity score (#(62) = — 0.27, p = 0.037; Supplementary
Figure 2), representing how many years the participant spent in an urban environment or rural
environment, until the age of 15 years. This suggests that the more years participants spent in
an urban environment during their upbringing, the higher the increase in cortisol levels during
a walk in an urban environment. Such correlation was not observed for the walk in a natural
environment. This finding parallels a study showing that urban upbringing was associated with

increased cortisol levels during acute stress (Steinheuser et al., 2014).
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Supplementary Figure 2. Negative correlation between the change in maternal cortisol concentrations
during urban walks and mothers’ early-life urbanicity score

Overall, these results show that mothers who are highly connected to nature and were
brought up in non-urban regions, showed a larger change in cortisol levels during a walk in an
urban environment. They suggest that a deep affinity for nature and being brought up in a rural
environment may be associated with heightened sensitivity to urban environment and a lower
stress threshold, resulting in increased stress-related cortisol production during urban exposure.
These results emphasize the need to consider individual differences, like a person’s
connectedness to nature and their upbringing and current living environments, when examining

interactions with urban and natural settings.
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