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[bookmark: _Toc179962266]Abstract
Urban nature, in the form of parks, gardens and semi-natural areas, has been cited as an important provider of health and well-being. Decades of research have investigated the salutogenic potential of urban nature, however, most of the evidence has compared “green” (i.e. vegetated) spaces against “grey” (i.e. urbanised) spaces, often giving limited attention to their ecological components such as biodiversity. 
This PhD project aimed to investigate the relationship between biodiversity and well-being more systematically. This thesis presents the results of four studies, in which actual (i.e. really present) and perceived (i.e. subjectively estimated) species richness have been linked to psychological and physiological indicators of well-being. In particular, this was achieved by manipulating the number of plant species within the same space, creating alternative versions of the area which differed only in the species number. These experimental settings were then used to relax the participants during a stress induction and recovery procedure.
Results consistently highlighted that an increase in the actual number of species was not associated with increased well-being. Instead, perceiving a high number of species was strongly associated with improved emotional well-being. However, the perceived number of species did not always match the actual number of species. Interestingly, those participants who were able to relate their perceptions to some elements of biodiversity showed the greatest improvement in well-being.
This evidence suggests that the relationship between urban biodiversity and well-being passes through the sieve of subjective perception, which, however, does not represent the actual variety of species. This could lead to reduced support for sustainable enhancement and management of urban biodiversity. However, the improved well-being shown by those who noticed biodiversity suggests there may be a solution to this dilemma. If designers and practitioners could find a way to make biodiversity more noticeable future green spaces could be even more effective providers of well-being.
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[bookmark: _Toc179962268]Chapter 1 
Introduction
[bookmark: _Toc179962269]Background and context
This thesis investigated the specific relationship between mental well-being and urban species richness, here defined as the number of species in an urban green space. 
Research showed that urban green spaces, including parks, woodlands, gardens and others, provide recovery and restoration from stressful city life (Frumkin et al., 2017). However, research also suggested that not all green spaces are at the same quality level and can equally improve well-being  (Wood et al., 2018). Differences in self-reported well-being here were found between green spaces with different sizes, facilities, access, and management. However, since there is no green space without a minimum of plants and animals, differences in the number of species in a green space could affect well-being. 
The species richness in a green space has been related to mood improvement and physiological stress reduction, although the evidence provided by previous studies is often hard to compare. Several studies, including research from Sheffield, found that better mental well-being was reported by participants who spent time in green spaces with higher species richness (Fuller et al., 2007; Clark et al., 2014; Carrus et al., 2015; Wolf et al., 2017; Wood et al., 2018; Cameron et al., 2020). However, these results were not always consistent, as sometimes the number of species was not connected to any improvement in physiological (Chang et al., 2016; Hussain et al., 2019) and psychological (Dallimer et al., 2012) well-being. 
Although the relationship between well-being and urban species richness seems generally positive, most of the evidence seems more reflective of the “green is better than grey” paradigm, rather than highlighting a specific improvement in well-being due to species richness. One of the reasons is that these studies have compared not just different levels of species richness, but also different green spaces which may have been more or less restorative due to other components of the landscape. For example, a large park could show more landscape types (and micro-habitats) than a small one. It is possible that this variety of habitats may be visually appealing to the viewer, which could trigger positive emotions by itself. Therefore, it is difficult to determine the exact amount of this effect that can be specifically attributed to species richness.
There is also the possibility that spaces with high species richness could also be detrimental to mental well-being (Dallimer et al., 2012), which adds to the complexity of the species richness/well-being relationship as the reason for reduced well-being may lie with the number of species as well as with other spatial characteristics (e.g. aesthetics, lighting, safety etc).
[bookmark: _Toc179962270]Aims and objectives
As stated above, the first aim of this thesis was to investigate the role that one specific aspect of green spaces, species richness, may play in providing recovery from psychophysiological stress. New experimental evidence was produced by exposing participants to artificially enhanced levels of species richness while monitoring psychological (e.g. mood) and physiological (heart rate variability) parameters associated with improved mental well-being. 
Secondly, building on previous research that showed how subjective perceptions of species richness could moderate or generate mental well-being, new data on the perceived number of species was collected while the actual number of species was experimentally controlled. Additionally, the research controlled for the social dimension of the species richness/well-being relationship, as social predictors (such as gender, age, education and ideas concerning nature) could have a role in it.
[bookmark: _Toc71643001][bookmark: _Toc179962271]Rationale and Novelty
As mentioned, this PhD responds to a lack of experimental evidence on species richness and well-being. A few studies have controlled for the number of species experimentally (Assaf Shwartz et al., 2014; Southon et al., 2017; Wolf et al., 2017), but measured the well-being response elicited by different settings, introducing a potential confounder between the effect of the number of species and other components of the landscape (e.g. aesthetics). Another study used varying numbers of plant species in the same setting (Lindemann-Matthies and Matthies, 2018) but only measured the response to the plant richness in terms of blood pressure.
In this PhD project, the number of species was carefully controlled (e.g. by maintaining the same number of individuals per each species). In each experiment, the number of species was increased in a single and specific setting and the well-being response was measured on several psychological indicators of emotional well-being. One experiment also measured the heart rate variability as a physiological indicator of stress and recovery. These choices increased the robustness of the findings on how the species richness was related to well-being.
Although species of semi-domesticated birds and mammals were considered, this research project mainly focused on the role of plant species richness. Plants are not only the biological foundation of habitats (Cardinale et al., 2012) but also the main component of the design and management of urban green spaces. Further, plants as a biological group can be easily controlled in terms of the number of species. By assessing whether plant richness is a relevant factor in providing mental well-being, this research has the potential to inform future landscape management. Further, investigating the response to plant richness was important to check if there was a dose-response relationship between biodiversity and well-being (Shanahan et al., 2016), and whether this relationship was direct (i.e. the higher the plant richness, the greater the benefits), or indirect (e.g. the higher the perceived number of species, the higher the mental well-being). 
[bookmark: _Toc179962272]Impact of Covid-19 on this research
The restrictions imposed during the COVID-19 pandemic limited the feasibility of face-to-face experiments. This research project was planned between October 2020 and May 2021, a time characterised by two national lockdowns (in November and January) and uncertainty about the duration of the pandemic. Yet, it was during the lockdowns that many people realised the importance of having a garden to look at from the window and the value of having a park in the neighbourhood. This created an opportunity to evaluate the effect of species richness on mental well-being when the exposure to it is indirect and virtual. This was achieved by substituting the direct green space exposure with 360-degree videos and photos of the experimental area, translating the experiment into a web-operated, socially distanced, approach. Even when experienced on a flat screen (rather than with a headset), 360-degree media offer more interactivity, allowing the viewer to rotate the point of view and zoom (Reece et al., 2022). This allowed the research to continue during the pandemic, though with limitations concerning the target population (e.g. convenience samples were used) and the response from the participants which could have been biased by the lockdown experience.
The focus on virtual exposure to species richness was one of the novelty elements of this project. Visual media have been widely used in research, as they allow better control of the experimental conditions – e.g. the flowers shown in a video will not wither during the data collection. The effect of virtual exposure to green space is measurable, as demonstrated by the early work of Ulrich and colleagues (Ulrich et al., 1991),  and as consistently confirmed by restorative studies ever since (e.g. Van Den Berg, Jorgensen and Wilson, 2014). In particular, Wolf et al. (2017) showed that videos with higher species richness were associated with higher mental well-being than videos which featured only one species. However, it has been argued that direct contact with real nature remains more beneficial (Mcmahan and Estes, 2015). Although real nature may be more relaxing and uplifting, the benefits generated by virtual nature could provide an alternative for improving the well-being of those who cannot access green spaces easily, as was the case in many countries during the COVID-19 lockdown. Potentially, virtual exposure could benefit those who live in heavily urbanised areas and/or suffer from physical limitations (McMahan and Estes, 2015).
[bookmark: _Toc71643002][bookmark: _Toc179962273]Hypotheses and research questions
Building upon previous research work, the research questions can be formulated as follows:
1. Does increasing the (plant) species richness of green space also increase the mental well-being it can provide? 
2. [bookmark: _Hlk155944323]Does the subjectively perceived species richness have a positive effect on the psychological state, when the broader context is kept under control?
3. [bookmark: _Hlk155944425][bookmark: _Hlk155944499]Do the subjective estimations of the species richness match the actual species richness?
4. [bookmark: _Hlk155944704]Does noticing biodiversity improve psychological well-being?
[bookmark: _Toc179962274]How to read this thesis
This thesis is in the “by publication” format. According to the University of Sheffield’s code of practice (2023-2024), a thesis in this format includes published and unpublished materials in the form of papers. The aim is to familiarise the student with the process of writing papers.
Since this is still a relatively uncommon format for a thesis in Landscape Architecture, a few directions are necessary. The thesis is made of three introductory chapters, a core of four “paper-chapters”, and a conclusive chapter. Since each of the four papers provides a measure of literature review, methods, discussion and conclusion, the equivalent chapters in the thesis have been tailored a bit differently, aiming to 1) avoid excessive repetition, 2) cover those theoretical and critical analyses that could not find space in the paper-chapters. This is due to editorial choices that aimed to improve the focus and coherence of each paper. As both published and unpublished materials are included, not all paper-chapters will follow the same citation style, depending on the journal requirements. Therefore, each paper-chapter will include its reference list after the main text. Any supporting information attached to the paper-chapters will be presented in the appendix.
[bookmark: _Toc179962275]Synopsys
After this introductory chapter, Chapter 2 will provide a summary of the relevant literature. This is not a literature review in a strict sense, but a broader and more discursive recount of the topics covered by the paper-chapters. Ideally, Chapter 2 should equip the reader with sufficient information to understand the papers’ content.
Chapter 3 details the methodological approach, choices and materials used in the papers. This will be more theoretical and detailed than what is reported in the papers, aiming to explain and justify what was done. Again, this should give the reader enough support to understand the concepts of the experimental design and the statistical analyses reported in the papers.
Chapter 4 is the earliest paper-chapter. Using content analysis and multilevel regression, it analyses photos uploaded by participants to highlight the relationships between well-being and biodiversity. It addresses research questions 1, 2 and 4. This paper has not been submitted for publication.
Chapter 5 is the second paper-chapter and addresses the research questions from 1 to 4. In this experimental study, 360-degree videos at different levels of species richness were shown to stressed online participants. The participants also estimated the biodiversity shown in the video. This paper has been accepted for publication and will be available on PlosONE in February 2024. The text represents the accepted manuscript.
Chapter 6 is the third paper-chapter. This study replicated the experimental design of Chapter 5 with an English-speaking and Chinese-speaking audience. It used virtual tours of a virtual park to control for the effects of species richness and flower colours. This paper has been accepted for publication and will be available on Cities and Health in August 2024. The text reflects the submitted manuscript while its revisions are discussed separately.
Chapter 7 is the fourth paper-chapter. Informed by the results of the previous chapters, this final experiment compared the affective responses to a virtual park (at either high or low species richness) with the responses to a virtual car park (no species richness). Affective well-being was also compared to physiological responses, by measuring the heart rate variability. This paper has not been submitted for publication.
Finally, Chapter 8 will provide a summary of the findings, linking the results back to the research questions. It will critically reflect on the results, discuss strengths and limitations and provide recommendations for practice and future research.


[bookmark: _Toc179962276]Chapter 2
Summary of relevant literature
This chapter provides a summary of the literature on the topics of biodiversity, green spaces and mental well-being. The aim was to provide the reader with a broader review of the literature than the one presented in the paper chapters, avoiding excessive repetition.
This chapter begins with a list of key concepts, providing some of the working definitions that have been used in this project. Since many of the concepts are broad in scope, the section aims to clarify their meaning in the restricted context of this PhD. Following, there will be a section focused on the pathways and mechanisms linking biodiversity and mental well-being; a specific focus will be given to the restorative framework, represented by the Biophilia Hypothesis, the Attention Restoration Theory and the Stress Recovery Theory. Following, a quick dip into psychology and the neurosciences to highlight why affect and emotions are critical for well-being. Then, there will be a summary of research work that focuses on one or more specific sensorial angles of the nature experience. To finish, there will be two short essays on the role of charismatic species and the “people/biodiversity paradox” in the biodiversity/well-being relationship.
[bookmark: _Toc179962277]Key concepts
This thesis will answer a rather simple question: “Does more urban biodiversity generate more mental well-being?”. To answer, it is necessary to define each of these concepts and how they can be differentiated from more general, but related, definitions such as health, well-being and nature.
[bookmark: _Toc179962278]Human health
Health is a high-tier concept, intentionally broadly defined by the World Health Organisation to include numerous components in a few sentences. The principles of the WHO define health as:
“[…] a complete state of physical, mental and social well-being and not merely the absence of disease and infirmity” (World Health Organization, 2020).
It is interesting to address the components individually. The easiest step is to remove illness from the equation. Health is the absence of illness. This is not sufficient, however. Health is also a “state”, in other words, a situation susceptible to change over time. This state of health must include every possible angle of well-being. This holistic approach to health has been widely debated (Leonardi, 2018), and some have argued that such a definition smacks of perfectionism, is divisive and probably unachievable in reality (Misselbrook, 2014). However, none of the alternative definitions of health has reached enough consensus (Leonardi, 2018) and most of the critiques have been challenged for misinterpreting the WHO principle (Schramme, 2023).
To the scope of this PhD project, the WHO definition of health is too broad to operationalise in all its components. The first necessary step is to reduce our scope to focus on well-being.
[bookmark: _Toc179962279]Human well-being
Well-being is a broad concept in itself. Depending on the discipline, definitions of well-being have gone from generalist such as “what is good for one’s life” (Fletcher 2016) to the very narrow self-reported measure of momentary happiness – e.g. “Joviality” (Watson and Clark, 1994). 
Recent trends identify more  dimensions of well-being than the WHO (Linton, Dieppe and Medina-Lara, 2016):
· Mental well-being – emotional, cognitive and psychological quality of life
· Physical well-being – quality and performance of the body, including energy and absence of pain
· Social well-being – social connections, interactions and the access to support
· Spiritual well-being – meaning of life, faith, connection with something greater (e.g. nature)
However, even when attempting to subdivide well-being into categories, the dimensions of well-being will stay intertwined. For example, struggling with mental well-being generally affects physical well-being (e.g. anxiety can encourage alcoholism as a comforting, and nefarious, treatment); social well-being is also affected (e.g. poor behavioural regulation leads to avoidance and loneliness). 
To frame this thesis work, which focuses on mental well-being, it is useful to refer to a classic dichotomy found in psychology, as synthesised in Ryff, Boylan and Kirsch (2021): Eudaimonia and Hedonia. Eudaimonic well-being is a long-term spectrum, encompassing the development of an individual (personal growth), the agency (mastery and autonomy), the meaning of life and acceptance of one’s own limits. Hedonic well-being is focused in a shorter time frame, spanning from the present instant to the past year. It is a more subjective probe into one’s evaluation of life and includes three main components: life satisfaction, positive affect and negative affect. As will be discussed later, hedonic well-being can be traced back to physiological mechanisms. 
Mental Hedonic well-being was the focus of the experiments reported in this thesis. These studies will refer to Hedonic mental well-being through outcomes, measures and processes pertaining to the psychophysiological domain, including cognitive improvements and emotional responses. The methodology chapter will provide more details on the measures chosen as indicators of well-being.
[bookmark: _Toc179962280]Nature
Nature is yet another broad concept, which includes physical processes (e.g. the weather), landscapes and organisms (Hartig et al., 2014). Though, as a word, nature has been present in Western culture since ancient Greece (Aristotle’s physis), its meaning and extent varied, sometimes including humankind (ancient Greece and Rome), sometimes as the opposite of human activities (Ducarme and Couvet, 2020). For example, by analysing international treaties concerning the natural environment (excluding agricultural treaties), Frank (1997) illustrates how the concept of nature shifted during the 20th century. It moved away from being a collection of natural hazards (e.g. pests, predators, earthquakes) or resources to exploit (e.g. whales to be protected as essential sources of oil). Instead, after World War II nature is conceptualised more and more as an ecosystem, with many interdependencies, that includes humankind and its fundamental for its survival – therefore important to protect. Contrarily to health, there is not an officially agreed definition of nature and scholars usually prefer more precise terms (e.g. ecosystem) depending on the discipline (Ducarme and Couvet, 2020). 
Given this complexity, the somewhat paradoxical concept of urban nature was adopted in this thesis as a working concept. According to (Newman and Dale, 2013), urban nature is made by four kinds of space: remnant natural environments that have been englobed in the city during its expansion; spontaneous vegetation found in interstitial spaces (e.g. brownfields); cultivated nature in the form of green walls, allotments etc; displays of nature, including parks and gardens. Although established by humans, urban nature should at least be considered partially natural, since it is subjected to physical processes such as the weather and provides important niches to many organisms.
Natural and “natural looking” 
Commonly, even in an academic context, nature has been defined more in opposition to anthropic environments and activities rather than by itself (Sandifer, Sutton-Grier and Ward, 2015) – i.e. natural is the opposite of artificial. 
More cautiously, some theories (e.g. Ulrich, 1991) are careful to introduce the ideas of “natural-looking” environments, making a clearer distinction between designed and natural (i.e. spontaneous, non-designed) spaces. Under this view, it can be easier to understand why a vast research work has labelled “natural” locations that are designed and managed by humans (arboretums, parks, gardens, orchards).
[bookmark: _Toc179962281]Biodiversity
"Biological diversity means the variability among living organisms from all sources including, inter alia, terrestrial, marine and other aquatic ecosystems and the ecological complexes of which they are part: this includes diversity within species, between species and of ecosystems.” (United Nations, 1992) 
Compared with the concept of nature, biodiversity has several operational advantages. First, the variability among living beings can be quantified in several ways (Colwell, 2009). Biodiversity can be the number of species present in a given area (species richness), or number of individuals of each species in a given area (species abundance), and how species abundance is distributed across species richness (species evenness). Second, as the last part of the UN definition implies, biodiversity is also a scalable dimension: biodiversity can also be the diversity of genes in a specific population, or the range of ecosystems present on a national scale. Third, biodiversity is not conceptually opposed to artificial/urban like the concept of nature. The species richness of some artificial habitats such as zoos, botanical gardens and aquariums can be greater than the species richness found in natural environments. For example, in 2021, Kew Botanical Gardens in London (UK) hosted 16900 living species of plants (Kew, 2021), while a checklist compiling many verified floras of the Amazon basin reported a total of 14003 plant species (Cardoso et al., 2017).
In this thesis, the focus was on the species level, quantified as species richness, and restricted to species visible with the naked eye. This is “urban biodiversity”, species found in spaces of urban nature as described by Newman and Dale (2013). Another useful distinction to make early is about two kinds of biodiversity that will appear in all of the experiments: the actual, objectively measured biodiversity and the perceived, subjectively estimated biodiversity. The latter is the result of a complex process that starts with the sensing of biodiversity (through, e.g., colours, sounds, smells), and it is then cognitively elaborated through the lenses of personal knowledge (i.e species Identification skills) and the values of the observer (e.g. do weeds count as biodiversity?).
Although receiving increasing research attention (Marselle et al., 2019; Hedin et al., 2022), the relationships between biodiversity and mental well-being remain only partially explored. To complicate things further, in the past, biodiversity was seldom assessed as such, therefore poorly defined biodiversity proxies were associated with unclearly defined well-being outcomes (Lovell et al., 2014).
[bookmark: _Toc179962282]Green space
Green space is again a broad concept without an officially recognised definition (Taylor and Hochuli, 2017). Green spaces include any area free from constructions and impermeable surfaces that is populated by some kind of vegetation (Kabisch and Haase, 2013), although this varies depending on the discipline evaluating the space and on the local culture (Annerstedt van den Bosch et al., 2015). In most cases, green spaces are “urban” green spaces, in opposition to the “countryside”, but sometimes the term green space has been applied to national parks and wilderness in the vicinity of the city (Ambrey and Fleming, 2014). 
Since defining green spaces is challenging, sometimes the matter is completely avoided, under the assumption that the concept has a shared meaning (Taylor and Hochuli, 2017). This, of course, limits the generalisation of findings, to the point that contrasting results are common. For example, what is a “good quality” of green space can vary, depending on the focus of the research. A study looking at the frequency of physical activity in Turkey (Akpinar, 2016) assessed the quality of green spaces in terms of maintenance of the paths and provision of shade. In contrast, a study focused on the mental health of Australian adolescents (Feng et al., 2022), used data from a national-scale survey where the quality of green space was loosely defined by the caregiver perceptions (e.g. to what extent would a parent agree that there were “good” parks in the neighbourhood). Further, in the case of a densely urbanised city such as Hong Kong (Tian, Jim and Wang, 2014), the quality of green spaces was calculated as an index, combining size, shape, land use and proximity of each green space to others, based only on GIS data.
Alternatively, the term Green Infrastructure would provide a more rigorous definition. The Green Infrastructure is “a strategically planned network of natural and semi-natural areas with other environmental features designed and managed to deliver a wide range of ecosystem services. It incorporates green spaces (or blue if aquatic ecosystems are concerned) and other physical features in terrestrial (including coastal) and marine areas. On land, Green Infrastructure is present in rural and urban settings” (European Commission, 2019). However, in line with the rationale of this thesis, it is more useful to define green space limitedly to the scope of the study, as strongly advocated by Taylor and Hochuli (2017). Therefore, green spaces will be limited here within the urban borders, including parks, woodland patches, riparian vegetation and gardens (both public and private).
[bookmark: _Toc179962283]Pathways connecting biodiversity to well-being
In the past decade, several syntheses of the literature have highlighted the links between contact with nature and numerous health indicators (Hartig et al., 2014; Lovell et al., 2014; World Health Organization, 2016; Frumkin et al., 2017). However, until recently, the role of biodiversity as a provider of health could only be derived from the broader concepts of nature and green space. In 2021, a multidisciplinary team of 27 experts published a new framework, tracing pathways between biodiversity and health (Marselle et al., 2021). 
The synthesis from Marselle et al. aimed to address the following gaps:
· Biodiversity underpins health, but which aspects of biodiversity are more relevant to health, positively or negatively, remain uncertain.
· A great share of the available research focuses on the amount of green space available near one’s home or the amount of time spent in nature without considering the ecological features.
· Contact with biodiversity is associated with both physical and mental health, but causal pathways remain uncertain.
The biodiversity-human health framework organises previously known theoretical elements. First, the distinction between passive exposure to the natural environment and active contact with nature (Hartig et al., 2014). Second, it expands the three causal domains proposed by Markevych et al. (2017) (reducing harm, restoring capacities, and building capacities) by adding a fourth one (causing harm). Third, it clarifies the step-by-step process (proposed by Bratman et al., 2019) which starts with the presence of natural features and leads to the exposure to these, which then generates the experience (the processed nature exposure) and its outcomes.
The framework is made of four components: 1) biodiversity, 2) contact with biodiversity, 3) pathways and 4) outcomes; in addition, subjectivity and context operate a constant mediation on several passages (Figure 1).
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Figure 1. Framework connecting biodiversity and human health (Marselle et al, 2021; Fig 1). Reproduced under CC BY 4.0 license

In this framework, biodiversity is a characteristic of the setting (park, nation, continent) and can be adjusted to the appropriate level (e.g. genes, species, populations) depending on the research question. Biodiversity is distinguished into actual biodiversity and perceived biodiversity. Actual biodiversity is measured by the species richness, abundance, evenness etc. of a given location. Actual biodiversity varies with the extent of the area and with the season (e.g. migratory birds, annual plants). Perceived biodiversity, as mentioned above, is the species richness, abundance, evenness etc. which the observer thinks is in the location.
Contact with biodiversity represents the human interaction with biodiversity, which is divided into exposure and experience. Exposure is the quantitative dimension of contact with biodiversity, expressed in terms of frequency (how often there is contact) and duration (for how long). These can be measured directly or via proxy measures based on the location’s biodiversity (cumulative probability) or the distance from the closest biodiverse area (park proximity). Exposure can be controlled experimentally.
Experience describes the quality of the contact with biodiversity, including all experiential aspects of it. Experience comes through the senses, especially sight and hearing, but also smell, touch, and taste. The sensorial information is then classified, by Marselle et al. (2021), into two dimensions: physical proximity and intentionality. The physical proximity can be direct (e.g. being in the garden) or indirect (e.g. looking at a photo of the garden); in research, proximity is usually set by the design (e.g. using videos). The intentionality is subdivided into “intentional” experience (e.g. birdwatching) and incidental (e.g. encountering a magpie while walking). All combinations of these experiences have been associated with some kind of health outcomes, although there is some indication that intentional and direct experiences could be the most effective.
Taking the framework proposed by Marselle et al. (2021) as a reference, this PhD project can be described as follows: the effect of virtual (indirect) contact with both actual biodiversity and perceived biodiversity has been tested as a provider of mental-wellbeing, specifically concerning emotional well-being and reduction from stress.
[bookmark: _Toc179962284]Biophilia hypothesis
Biophilia (i.e, love for life, in Greek) is a fascinating concept, popularised by E. O. Wilson; it was defined as the human “tendency to focus on life and life-like processes” (Wilson, 1984; p. 1) but also as the “innately emotional affiliation to other living beings” (Wilson, 1993). Biophilia was also previously conceived by E. Fromm as the “passionate love of life and of all that is alive” (Fromm, 1977; p. 858). The two conceptualisations have different starting points: Fromm postulates ontogenetic biophilia (i.e. something that develops alongside the life of a human being), while Wilson’s biophilia is phylogenetic (i.e. something that developed alongside the evolution of the human species). Nonetheless, these views are not mutually exclusive and both are grounded in human biology (Barbiero and Berto, 2021).
According to Wilson’s biophilia, humans would be attracted by other life(like) forms as a coded behaviour developed through evolution. This attraction would make the individuals more prone to carefully observe other animals (e.g. predators) or plants (e.g. as a source of food), and it would be reinforced by emotional experiences (e.g. drive to resources and shelter, avoidance of threats). Those individuals with stronger fascination would have had increased chances of survival, selecting biophilia for future generations. Although these days humans live mostly in urbanised environments – over 55% of the global population and rising, according to the UN (2018) – they have lived in cities only for a few millennia, which is a relatively short time in terms of evolution. 
Without enough biodiversity around them to be attracted to, humans could be missing out on important benefits generated by this ancestral behaviour (Kellert, 1993). These benefits have been proposed as a series of “human values of nature”, which should have been adaptive (i.e. beneficial) to the development of the human species and therefore selected during its evolution. Not all of these values are positive per se and they encompass the complex relationship of evolving humans with the other species. These species were at the same time needed resources and lethal predators. It is useful to cite three values from Kellert’s typology, as they strongly resonate with the biodiversity/well-being relationship: the naturalistic value, the aesthetic value and the humanistic value. These three values elicit emotional responses. 
The naturalistic value is made of fascination and awe from experiencing nature’s diversity and complexity. It would be at the base of curiosity and exploratory activities. In modern days, this would be the reason why humans purposedly practice a number of activities outdoors.
The aesthetic value refers to the appeal of the physical beauty of nature to humans. It would be a pure emotional response to other species' traits and the implications of those traits for human survival (Kaplan and Kaplan, 1989; p. 10). In a sense, it is suggested that the aesthetic response is the primer of habitat evaluation, relying on emotional positive responses to habitat traits which satisfy the basic needs (food, water shelter) and negative responses to hazards (predators, cliffs). Even when the needs for survival have changed radically in the urban environment, the landscape would be still modified (e.g. by adding a pond or a bird feeder in the yard) to satisfy those ancestral needs (Heerwagen and Orians, 1993)
Finally, the humanistic value represents the deep emotional attachment to individual elements of nature. This process would transfer human-like values to non-human species, conveying a sense of bonding, and altruistic care. This may be the origin of the domestication process, through which animals have been trained to help with various working tasks. In modern days, this is supposedly evidenced by the benefits brought by pet therapy interventions (Kellert, 1993; p. 52).
However, despite being operationalised as “fascination” and “affiliation” (Barbiero and Berto, 2021), the biophilia hypothesis has always been difficult to verify. The same Wilson recognised that biophilia was a “working hypothesis” (Wilson, 1993; p. 34). The evidence brought in by Kellert (Kellert, 1993) to support the human values of nature is quite compelling – a large-scale study with over 4000 participants in many countries of the world and multiple replications – however, he describes the values as an “exploratory effort” in supporting the biophilia hypothesis.  
To date, the fiercest theoretical debate revolves around whether biophilia can be innate or not. Wilson and Kellert (1993) were both bold and cautious, proposing biophilia as innate but conceptualising this as a series of learned rules/behaviours which result in biophilia. Some evidence was built around the negative biophilia, biophobia, i.e. the fear of some natural features such as snakes, spiders, and heights (Soga et al., 2023). As these phobias seem innate in humans or learned in their infancy, and are potentially adaptive to human evolution (avoiding predators and hazards), it has been suggested that biophilia could be innate as well (Ulrich, 1993). This has attracted some criticism (Joye and De Block, 2011) as the evidence would not be strong enough and the logic could also work in the opposite direction (i.e. if phobias are not innate, biophilia can’t be innate). 
Despite criticisms, biophilia has seen a renewed interest in recent years, with new compelling evidence supporting it (Gunnarsson and Hedblom, 2023). For example, a case study from Wellington (NZ) showed how the impact of the COVID-19 lockdown prompted an “urgent biophilia” desire, pushing citizens to walk and cycle in the city’s park with the expressed intention of improving their mental well-being (MacKinnon et al., 2022). A new study on a large number of twins has also shed some light on the heritability of biophilia (Chang et al., 2022). Levels of familiarity with nature and desire to be in nature were found to be similar in monozygotic twins but statistically different in heterozygotic twins. This implies an important genetic role for these inclinations, supporting the claim that biophilia could be innate for humans. Nonetheless, the human relationship with nature seems far from uniform, so different individuals may have different responses to the same environment, depending on their biophilia (Gunnarsson and Hedblom, 2023).
Interestingly, Wilson (1993) was not overprotective of his idea, to the point that he stated that it would have been good even if biophilia successfully focused the researcher’s attention on the psychological mechanisms at the base of the relationship between humans and nature. This view was shared in the same book by Heerwagen and Orians, who stated that the “issue is not whether biophilia exists but the particular forms it takes” (Heerwagen and Orians, 1993; p. 139), stressing the importance of the psychological outcomes that the human/nature relationship may provide.
On this note, the next section will address two of the most important theories in the restorative pathway, The attention restoration theory (Kaplan and Kaplan, 1989) and the stress recovery theory (Ulrich et al., 1991). Biophilia was proposed as the inspirational concept for these two theories, but this has been disproved by Hartig (2021) who recorded a statement from Ulrich and the Kaplans. Still, it seems that the biophilia hypothesis has attracted the research attention that Wilson had hoped. 
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It would be unfair for any research work looking at the restorative pathway not to cite the two leading theories of the past 40 years. The attention restoration theory (Kaplan and Kaplan, 1989) and the stress recovery theory (Ulrich, 1983; Ulrich et al., 1991) share a common foundation: the mental resources necessary for most human activities are finite and must be restored once depleted. Urban living is said to be quite taxing on these mental resources (Berto, 2014; Hartig et al., 2014), while natural (or natural-looking) environments favour their replenishment. As the name says, the attention restoration theory focuses on restoring directed attention, the resource needed for cognitive functioning. The stress recovery theory focuses on reducing/removing stressors, elements which are hindering the recovery of mental energies.
It is likely that both these processes can occur together, as they work on complementary functions (reducing demands of mental resources and improving their recovery; Berto, 2014). A degree of integration was proposed in the past (Kaplan, 1995) and recent studies have investigated processes that may involve both (e.g. Huang et al., 2021). However, the two theories focus on different outcomes (cognitive processes vs affective states) and follow different methodologies. The following sections will summarise the two theories and highlight how these could be linked to biodiversity.
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According to the Attention Restoration theory, the primary mental resource needed for most cognitive functions is called “directed attention”. This is a mechanism that helps exclude distractions from any mental task (Kaplan, 1989). This is a (semi) voluntary action, which requires effort and induces fatigue (Kaplan, 1995). For example, it is quite common to feel overwhelmed by sensory stimuli when walking in a crowded space (e.g. a fair, or a club). To overtake the disorientation and navigate all the way to the exit, directed attention is required. Directed attention can be exhausted quickly, depending on the task, and the lack of attention increases distraction and irritability. Such states are associated with impulsive actions and avoidance behaviours (Kaplan 1995).
Restoration of directed attention is made possible whenever four requirements are satisfied; 1) “soft fascination”, meaning an effortless engagement with some elements of the surroundings; 2) a sense of “being away”, feeling removed by the task depleting the attention; 3) extent of the environment, meaning the availability of soft fascinating stimuli; compatibility with the environment which must be aligned with one’s inclinations. There are many restorative environments that may provide these components, including malls and cafes (Staats et al., 2016). A great restorative activity is sleeping (Kaplan, 1995). However, natural (looking) environments usually offer all the necessary components (Herzog et al., 2003).
In theory, biodiversity can enhance restorative environments by providing fascinating stimuli (here the link with the biophilia hypothesis) and increasing the extent component. Positive associations between perceived restoration and species richness have been found in the past, (Fuller et al., 2007; Carrus et al., 2015), although sometimes the results differed from taxa to taxa. Indeed, the compatibility component could be opposed to certain kinds of biodiversity: e.g. seminatural locations tend to look untidy and unmanaged, despite being rich in species; in hurting the subjective aesthetic sense, not feeling fully safe could reduce the attention restoration due to low compatibility (Dallimer et al., 2012). Perceived biodiversity seems a more consistent predictor of attention restoration (Gonçalves et al., 2021), although, as discussed later, perceptions are usually removed from actual biodiversity.
The attention restoration theory received due criticism over the decades, though less than one may expect. Despite claims of scarce empirical evidence supporting the existence of the four components (Joye and Dewitte, 2018), only a few points of this theory have been challenged. First, the quantification of the restorative effect (i.e. how much directed attention was recovered) was deemed imprecise (Ohly et al., 2016), due to the fact that many experiments could not quantify a priori the energy expenditure required by the experimental task. Second, the compatibility component, which assumes an internal comparison between the environment and one’s values, could be too slow to properly contribute to attention restoration (Ulrich et al., 1991), while positive reactions to natural images have been proposed to be subliminal. Third, the main tool to measure attention restoration – the perceived restoration scale (Hartig et al., 1997) – apparently did not distinguish between sort fascination (effortless, truly restorative) and hard fascination (which requires attention) (Basu, Duvall and Kaplan, 2018). 
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This theory, sometimes cited as the stress reduction theory (e.g. Yao, Zhang and Gong, 2021), focuses on stressors as the source of energy depletion and on the recovery processes of these energies (Ulrich et al., 1991). Different from the cognitive state of irritation, stress is a psychophysiological phenomenon linked to threat-response mechanisms.
The stress recovery theory frames itself in a psycho-evolutionary perspective, which posits that humans (like other animals) have developed emotions and behaviours to regulate energy expenditure and create opportunities for recovery. In human physiology, this is the task of the autonomous nervous system (i.e. the involuntary part of the brain), which is subdivided into two anatomically distinct subsystems: the sympathetic and the parasympathetic. The sympathetic system is responsible for energy-consuming behaviours – commonly known under the term “fight-or-flight” – which were developed to react to natural hazards (e.g. predators, avalanches, falling trees etc.) and secure survival. The parasympathetic system instead contrasts and modulates the sympathetic activity, allowing the organism to recover energy once the danger has passed.  The balance of these activities is functional for survival. However, according to the stress recovery theory, modern life tips this balance towards sympathetic activity, generating too many occasions of stress and too few opportunities for recovery. Natural (looking) environments instead, generally favour the recovery process, making it faster and more complete, provided that they are perceived as unthreatening. As in the case of the attention restoration theory, natural environments have several characteristics that can promote stress recovery. These are however not strictly required, acting as enhancers, rather than being prerequisites. Ulrich (1983) synthesised these landscape characteristics into a list which included: the presence of vegetation and water; moderate visual complexity (e.g. various vegetation layers); and spatial openness. 
The stress recovery theory has been supported by a large corpus of empirical research, which measured the participants’ response to green spaces on both psychological and physiological parameters. Several meta-analyses synthesised the effect of green space on physiological indicators (Kondo et al., 2018; Twohig-Bennett and Jones, 2018; Yao, Zhang and Gong, 2021). Cortisol (the stress hormone) was found to decline after green space exposure (Van Den Berg and Custers, 2011; Twohig-Bennett and Jones, 2018). Cardiovascular outcomes also attracted a lot of interest, as they can be linked with parasympathetic activity, are relatively easy to measure and are directly linkable with physical health. Exposure to green spaces was associated with reduced heart rate (Lanki et al., 2017) and reduced blood pressure (Calogiuri et al., 2016). Skin conductance, is another commonly used physiological indicator, being high during stress and low during rest. Exposure to green spaces generally resulted in lower skin conductance (Hedblom, Gunnarsson, Iravani, et al., 2019; Elsadek, Liu and Xie, 2020) even when the exposure was only virtual (Knaust et al., 2022). Psychologically, stress recovery is usually operationalised in terms of perceived stress or in terms of emotional responses, which have strong links with physiological mechanisms (see next section). In general, these psychological indicators of stress improve following exposure to green spaces (Corazon et al., 2019) – i.e. perceived stress is reduced, positive emotions increase and negative emotions decrease.
The specific role of biodiversity (species richness) on stress recovery has received limited experimental attention, as summarised in Chapters 5 and 6. The evidence remains limited (Hedin et al., 2022) and results can be mixed. For instance, cardiovascular parameters (heart rate and blood pressure) have improved after exposure to medium plant species richness (Lindemann-Matthies and Matthies, 2018). Other studies did not observe significant differences in the same parameters when comparing the effect of locations at different levels of species richness (Chang et al., 2016; Hussain et al., 2019). This could be due to a non-linear effect of biodiversity, which could induce more stress recovery when at an intermediate level (i.e. achieving the required moderate visual complexity) than when too little (i.e. scarce visual complexity) or too much (i.e. excessive visual complexity).
Similarly to the attention restoration theory, the stress recovery theory has received relatively little criticism. The main critical analysis was published by Joye and Van den Berg (2011), who pointed the finger against the evolutionary premises of the theory. They argued that there is not sufficient empirical and conceptual evidence to support the notion that stress recovery in response to natural environments would have been adaptive to our ancestors (i.e. favoured their survival). Yet, as they admit, the scholars investigating restorative environments showed little interest in proposing more robust explanations for the evolution of the stress recovery mechanism (Joye and Van den Berg, 2011; p. 263).
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Since the affective response will be the principal indicator of well-being in this thesis, it is worth summarising its definition and mentioning the ongoing scholarly debate around its nature. In the stress recovery theory, Ulrich (1983, p.86) reduced the construct of affect to the equivalent emotional state (e.g. joy for Positive Affect and fear for Negative Affect), although he acknowledged affect also included moods (e.g. depression) and drive states (e.g. thirst). Bratman, Hamilton and Daily (2012) also linked mood and affect, defining mood as an affective state sustained in time which can increase the frequency of feeling a corresponding emotion (e.g. being in a bad mood and feeling angry more often). More recently, Gross, Uusberg and Uusberg (2019) proposed a comprehensive definition of affect as an umbrella term to denote emotions, stress responses, impulses and moods. More practically, however, affect is generally synthesised and operationalised in two domains: Negative Affect and Positive Affect. Empirical and psychometric studies, across languages and cultures, have shown that the sum of negative and Positive Affect accounts for the 50-75% of human emotional experiences (Watson and Clark, 1992; p. 443). Being so pervasive in human psychophysiological functioning, affect therefore provides a useful proxy for investigating well-being.  
The reason why affect is so impactful lies in the neurobiological mechanisms underlying emotion generation and emotion regulation. These are complex processes happening in different areas of the brain, sometimes simultaneously, sometimes sequentially. The debate on which could be the source of emotions in humans is still ongoing but at least two main directions have emerged: the cognitive neuroscience perspective and the affective neuroscience perspective (Panksepp et al., 2017).
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According to the cognitive perspective, affect would be primarily the result of the activity of the neocortex (i.e. the largest and more evolutionary recent part of the brain) after processing raw emotional reactions coming from the subcortical (and more ancient) regions of the brain. Emotions would then be “learned categories” (Panksepp et al., 2017; p. 192), applied variably to different raw emotional reactions, influenced by culture and circumstances. For example, a person who runs away, screams or is paralysed by panic would probably express his affective state as “fear”, but the circumstances and the physiological mechanisms behind those behaviours could be different.
An early application of the cognitive perspective can be recognised in the popular Circumplex model of Affect (Russell, 1980). According to Posner, Russel and Peterson (2005), all affective states arise from cognitive processes which interpret the sensations produced by two neural systems: valence and arousal. Valence is a pleasure/displeasure continuum and Arousal is the degree of physiological activation of the brain, ranging from sleepiness to alertness (Russell, 1980). Each emotion would be then a combination of valence and arousal, interpreted by the brain and expressed in words. For example, excitement would be the combination of positive valence and positive arousal. There is physiological evidence linked to this model, as certain indicators increase along the psychological measures. Arousal has been associated with skin conductance, while valence with levels of dopamine (high dopamine = happiness, low dopamine = Negative Affect). This model was inspired by the fact that humans tend to feel a certain emotion associated with other emotions of the same affective domain – e.g. joy and excitement, both pertaining to the Positive Affect (Watson and Clark, 1992). This is how many of the most validated psychometric scales work. For instance, the Positive and Negative Affect Schedule (Watson, Clark and Tellegen, 1988) measures affect as the sum (or average) of groups of positive (e.g. feeling joyful and enthusiastic) or negative emotions (feeling sad and scared).
Building on the work of neuroscientists, Gilbert (2005, 2009) proposed a Three Circle model of affect regulation. This model expands the Circumplex Model of affect (Russell, 1980) by restructuring valence and arousal around three poles (i.e. circles). Based on neurochemical evidence (Morrone-Strupinsky and Depue, 2005), each of the three circles is associated with a class of hormones and to an emotional dimension. “Drive”, the domain of joy and excitement, is linked to the levels of dopamine. “Threat” includes most of the mechanisms regulated by the sympathetic activity with the hormone cortisol, associated with stress and anger. “Content” is a dimension of positive emotions, such as calm and restfulness, characterised by low arousal; the u-opiates are its hormonal indicators. This framework is empirically convenient, as it links verbally-mediated measures of affect with their physiological counterparts.
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On the other side of the debate, the affective neuroscience perspective contends that affect has its sufficient and necessary origin in the subcortical brain and that human affective states can be inferred (but not directly measured) from speech and behaviour (Panksepp et al., 2017). Evidence supporting these claims comes from animal studies. For example, evidence from rats (Panksepp et al., 1994) has shown that even with decortication surgery (i.e. the removal of the neocortex), some emotions and their associated behaviours (e.g. joy and playfulness) still take place. Of course, to attempt decortication experiments in humans is ethically controversial (euphemism), but electrical stimulation of the subcortical brain seems to confirm that affective states can be generated outside of the neocortex (Berridge, 2003; Polosan et al., 2019).  Based on this evidence, emotions would then be not simply an output of cognition but instead “ancestral tools”, so important to be genetically coded (Panksepp, 2010). In humans, these DNA-coded processes of affect would be firstly expressed as subcortical brain activity and only later refined through higher cognitive processes. The neocortex would not then produce emotions per se, at least not in the early infancy, but would instead be a large programmable memory, coded over time by internal stimuli (coming from the subcortical brain) and external stimuli (society, culture, environment) (Panksepp, 2010). The affective neuroscience perspective agrees the neocortex is critical in interpreting and regulating emotions, but rejects the claim that emotions would come exclusively from it. 
Despite these tensions, the two perspectives substantially agree that affect generation is a complex process, and it is likely to involve the brain in its entirety. As it often happens, the divergences between two different approaches may simply reflect a focus on different dimensions of brain activity. Dualisms are useful methodological tools but sometimes they are elevated to the status of ontological stances (Fausto, 2019), as highlighted for emotion and cognition. In neurosciences, there are also tensions between the expression of emotions and the experience of emotions (Fausto, 2019) and between emotion generation and emotion regulation (Gross, Sheppes and Urry, 2011). The next section will briefly summarise the latter, as natural environments may have a role in it. 
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Affective states arise in response to internal and external stimuli and are regulated according to their purposes (Kappas, 2011). According to Gross, Uusberg and Uusberg (2019), the regulation of affect is an intentional (although not always conscious) process, attempting to modulate the present or anticipated affect. Kappas (2011) contended that all affect states could be auto-regulating since the rise of that emotion would produce behaviours meant to terminate it. For instance, the stress generated in response to an attack would muster the energies required to escape or fight the threat, eventually eliminating the cause of the stress. This works as well for Positive Affect: the anticipation of something good (a meal, a vacation, a meeting with a loved one etc.) could produce a sense of excitement (appetitive phase), which will be overtaken by joy when something good happens (consummatory phase) in the end terminating in a sense of contentedness and a pause (refractory phase).
The flow between these Positive Affect states is supported by biochemical evidence. In describing the hormonal pathways that lead to bonding, Morrone-Strupinsky and Depue (2005) proposed that humans have developed this mechanism in response to the need for affiliation. In the “approaching”, or appetitive phase, humans engage in exploratory attempts to form new bonds and their dopamine levels are high. When a bond is successful, and the need for bonding is satisfied, the “consummatory” phase reinforces the dopamine reward with u-opiates. 
Richardson et al. (2016) proposed that this bonding mechanism would not be limited to other humans, but would include affiliation with nature. In a sense going back to Wilson’s biophilia, the benefits of nature exposure would then represent the reward for forming of bond with nature. This process would work in the short term as well as in the long term, as the experience, if positive, would lead to repetition. For example, the need to relax would generate the drive to reach a quiet spot in the park; joy would be elicited for finding such a spot followed by relaxation.
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Considering that sight is one of the most developed human senses, the focus of research on visual stimuli should not be surprising (Franco, Shanahan and Fuller, 2017). Sight was critical in the development of the Stress Reduction Theory, as Ulrich (Ulrich, 1984) observed faster recovery in patients who could see the hospital’s park from their room.
The Stress Reduction theory proposes that the natural environment is mainly experienced by sight (Ulrich, 1983), which collects the scene’s content and complexity. This process evokes an affective response to the environment which in turn could prompt different behaviours (e.g. Positive Affect followed by an approaching behaviour to explore and enjoy the area). Therefore, researchers have explored ways to effectively simulate exposure to the natural environment with visual media, increasing in complexity as technology made these techniques more affordable. Studies have successfully produced measurable emotional responses by using photographs (Johansson et al., 2014), slideshows (Berto, 2005; Wilkie and Clouston, 2015) and videos (Van Den Berg, Jorgensen and Wilson, 2014; Wang et al., 2016). Videos have also been used to expose participants to varying degrees of biodiversity (Wolf et al., 2017), for example, showing that participants who watched a video with four species of trees reported better mental well-being than those who watched a video with only one tree species. 
In recent years, a new type of visual media, the 360-degree photo/video, emerged as a novel method to expose participants to green spaces. This trend is partly driven by the decreasing cost of the cameras and software but the 360-degree media offer clear advantages over the standard flat image/video. The 360-degree video allows for more interactivity (Ausin-Azofra et al., 2021), allowing the viewer to rotate the camera in any direction and explore the setting. This makes watching a video more active and closer to a direct interaction with the environment (i.e. spatial presence).
These characteristics open new possibilities to simulate the contact with green spaces for participants who may have not direct access. This was the case for many during the 2021-22 lockdowns (Zabini et al., 2020). For example, a recent study (Sun et al., 2023) showed the effect of 360-degree videos of urban scenes at different levels of greenery (none, low, moderate) on pregnant women, who commonly have limited mobility and higher levels of stress. The results showed that after 5 minutes of watching, women assigned to the green space videos reported lower anxiety and higher happiness than those who watched the non-green video. The high quality of the 360-degree simulation could also be used to deliver customised, green-space-mediated, emotional recovery to hypersensitive patients (Jo, Lee and Jeon, 2022). Interestingly, repeated exposure to green spaces through 360-green media, e.g. watching a video each day for four weeks (Browning et al., 2023), continued providing mental well-being outcomes (e.g. reduced anxiety). This could be due to the interactivity of the medium, allowing the viewer to watch the same video from different angles and focus on different details.
The 360-degree media can be experienced on any kind of flat screen or with a head-mounted visor. On a flat screen, the viewer interacts with the scene by moving the point of view with the mouse but the experience is quite similar to watching a normal video. Instead, the headset allows the viewer to naturally look around the scene by moving the head. Supposedly this allows for a more complete immersion (i.e. a credible illusion of reality) and potentially improves the outcomes of the simulation. A recent study compared the effect of seeing 360-degree videos on a flat screen or with a headset (Reece et al., 2022). The videos showed footage of urban green spaces, blue spaces and historic urban spaces. All the videos successfully reduced self-reported anxiety and stress no matter if the participants watched the videos on a flat screen or headset. The same was observed by Knaust et al. (2022), who compared the physiological stress recovery (skin conductance) of watching the same 360-degree video (a Mediterranean beach) on either a flat screen or a headset. In both cases some marginal evidence in favour of the head-mounted visors was found – i.e. better EEG indicators in Reece et al. and higher self-reported relaxation in Knaust et al. – but not conclusive enough to change the overall results.
Summarising, virtual exposure to green spaces looks just as effective in improving well-being indicators as the other visual media (Lee et al., 2022). However, direct contact with the natural environment should generate a stronger affective response, compared to any video-mediated exposure (McMahan and Estes, 2015). This has received experimental support even in the case of the more immersive 360-degree videos. Comparing the psychophysiological benefits of relaxing in a real natural setting vs watching a 360-degree video of the same setting, the researchers have found that both treatments were beneficial, but only the setting with real nature increased the Positive Affect (Browning, Mimnaugh, et al., 2020). This was also confirmed by an update of McMahan et al. meta-analysis, showing larger effect sizes for the Positive Affect in real nature vs virtual nature and moderate effect sizes in reducing the Negative Affect (Browning, Shipley, et al., 2020).
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Historically, at least in the West, benefits derived from contact with nature have been attributed to a “change of scenery”. Naturally, in centuries when visual media were restricted to figurative arts, the only way to get a change of scenery was to move out to the desired location. Being in the natural environment, or any environment, is a multisensory experience. The environment is sensed, more or less actively, through specialised organs and nerves, and this raw information is then processed in different areas of the brain. When this process enters the domain of cognition, sensations become perceptions. The two can be far removed from each other at the end of the process, as the initial sensory information is filtered and sieved through several cognitive lenses (e.g. past experiences) and triggers other processes (e.g. emotional reactions) which elaborate the final output.
Although nature is a multisensory experience, with multiple sensations contributing to the perceptual outcome, research investigating the well-being/nature relationship has frequently used a reductionist approach. These attempts to tease out the components of perceiving nature have focused on various well-being outcomes. The following sections summarise research work focused on hearing, smelling and touching. 
Hearing
Natural sounds, such as birdsong, breeze, flowing water and sea waves have been commonly used in research (Franco, Shanahan and Fuller, 2017). Generally, the presence of nature sounds seems effective in reducing self-reported and physiological stress, especially when compared with urban noise or a neutral control.
Participants stressed with taxing arithmetic tasks, were able to recover faster when listening to a recording of a fountain with bird calls than when listening to traffic noise or white noise (Alvarsson, Wiens and Nilsson, 2010). Similar responses were observed in another experiment, where stressed participants were shown footage of a forest stream with or without sounds (Annerstedt et al., 2013). Although both groups of participants reported similar recovery, those who watched the video with the sounds also showed increased physiological recovery from stress. This difference was also noted in Kjellgren and Buhrkall (2010), who suggested that the absence of sounds can reduce the credibility of a simulation and produce Negative Affect. More recent studies have looked at the potential longer-term effects of nature sounds. University students in China, tasked to listen to at least 30 minutes of nature sounds via an app while doing coursework, showed improved Positive Affect, working memory and attention restoration after 4 weeks (Luo, Wang and Chen, 2021). In Japan, a pilot study with surgeons showed that 10 minutes of natural sounds could reduce stress and improve mood after an operation, compared with a break without sounds (Suko et al., 2022).
The cognitive process of identifying sounds as natural or urban is important for subjective preference, through which more restorative benefits could be generated. A series of experiments, presented by Van Hedger et al. (2019) showed that when unknown sounds were identified as natural, these received a higher aesthetic preference, even when the sounds were scrambled or distorted.
It is worth going deeper into the role of birdsong, as a stricter example of biodiversity sensory stimulation. Studies on university students showed that listening to birdsong improved mood (Benfield et al., 2014) and perceived attention restoration (Uebel et al., 2021). Interestingly, in both studies, the benefits of birdsongs decreased when human voices were also present in the audio file and disappeared in the presence of traffic noises. This suggests that excessive traffic could be hampering some of the restorative benefits provided by urban green infrastructure. However, this was not observed in physiological stress. Hedblom, Gunnarsson, Schaefer, et al. (2019) showed the same VR image of a park to stressed participants while listening to different sounds (birdsong, traffic, birdsong and traffic). All soundscapes reduced the skin conductance, without significant differences between them. It is likely that not all birdsongs can be restorative, as different species receive different appreciation. For example, interviews of British participants revealed that raucous corvids such as crows (Corvus corone L.) and magpies (Pica pica L.) induced Negative Affect, while melodious species like blackbirds (Turdus merula L.) were welcomed as relaxing (Ratcliffe, Gatersleben and Sowden, 2013).
Finally, birdsong is interesting as an easy, convenient medium to experimentally manipulate biodiversity. Ferraro et al. (Ferraro et al., 2020) used a technique called “phantom chorus” (hidden speakers playing a sound at regular intervals) to increase the aural bird diversity of two forest trails in the US. The ‘increase’ in biodiversity induced more attention restoration in hikers. However, laboratory exposure to low or high bird diversity did not show a difference in attention restoration (Douglas and Evans, 2022), although high bird diversity made the experience more enjoyable.
Sense of Smell
The sense of smell is evolutionary the most ancient human sense and it is more directly connected to the brain than other senses (Hedblom, Gunnarsson, Iravani, et al., 2019; Bentley et al., 2023). The olfactory stimuli are processed in the same areas of the brain where emotions and memories are produced (e.g. the amygdala). Therefore, it is not surprising that many studies were able to measure strong psychological and physiological responses to certain odours, especially those of natural origin.
Some of the volatile chemical compounds contained in citrus peel seem capable of inducing relaxing physiological responses since early infancy. A Japanese experiment (Tsunetsugu and Ishibashi, 2019) observed an increase in parasympathetic activity (i.e. indicating relaxation) in infants aged 1-3 months in response to inhalation of D-limonene. The researchers argued the parasympathetic response was comparable to that observed in adults, suggesting that certain fragrances may be innately relaxing. However other flower scents have shown an uplifting effect. Japanese students reported higher levels of high arousal Positive Affect (e.g. joy, excitement) in response to the scent of plum blossoms (Prunus mume Siebold) (Jo et al., 2013). The self-reported measures were consistent with physiological parameters (heart rate variability, oxygenated haemoglobin in the brain vessels) in indicating an increase in sympathetic activity.
The deep, multifaceted nature of the olfactory experience was also explored with qualitative methods. Two recent examples are provided. (Pálsdóttir et al., 2021) interviewed participants suffering from stress-related disorders. At the end of a 12-week gardening intervention, the interviewees provided clear accounts of how the smells of the plants and the soil were associated with Positive Affect (both joy and relaxation), increased awareness and happy childhood memories in the garden or the countryside. Interestingly, by the end of the intervention, the participants deemed “unnatural” scents as stressful and unpleasant. These not only included smog and polluting odours (e.g. cigarette smoke) but also supposed positive scents (floral-based perfumes), which were perceived as too intrusive and associable with power relationships in the working environment. In another study, a large group of UK participants (N = 194) took part in a series of forest-based activities, followed by focus groups (Bentley et al., 2023). Although comments on the forest’s smells covered only a fraction of the participants' discussions, the response to these scents – or the absence of other smells, e.g. smog – were mentioned in relationship with most aspects of well-being. Well-being was expressed in terms of muscle relaxation (physical well-being), feeling happy and energetic (emotional well-being) and more aware and focused (cognitive well-being). Not all natural odours were positively related to well-being, however, especially from participants suffering from pollen allergies.
Touch
In their review of the literature, Franco et al. (2017) stated that touch did not receive much research attention and that there was a gap concerning non-animal studies. Most of the evidence they reviewed concerned petting animals, especially dogs. A laboratory experiment on university students from Tel Aviv, Israel, (Shiloh, Sorek† and Terkel, 2003) showed that petting a rabbit or a turtle reduced state anxiety, while petting toy equivalents of these animals did not. Interestingly these reductions in anxiety were independent from the participants' disposition towards animals in general. Even more interestingly, state anxiety had previously been induced with a biophobic task: a real tarantula was present in the lab, in a glass jar, and the participants had to accept the possibility that the experiment may require them to hold the spider in their hands. This suggests a great potential in the restorative power of touching, even when the stress is caused by another animal.
Although excluded by the criteria of Franco et al. (2017), studies on touching natural materials such as wood, have been carried out in Japan for over twenty years. Researchers observed that touching wooden surfaces barely disturbed heart rate and systolic pressure (Morikawa, Miyazaki and Kobayashi, 1998) and showed lower brain oxyhaemoglobin (a stress indicator) compared with touching stainless steel, tiles or a sac filled with cold water (Ikei, Song and Miyazaki, 2017). Interviewing the participants after these experiments revealed that wood surfaces, felt warmer and, therefore more comfortable to touch. By comparing the surface temperature of the palm before and after touching the surfaces, researchers revealed that wood had a lower heat transfer than other materials (Tsunetsugu and Sugiyama, 2021), therefore exerting lower physiological stress.
Multisensory approaches
When integrated, sensorial stimuli interact in various ways. Congruency among stimuli (e.g. a video of a forest with the sounds of a forest) can lead to an amplified emotional response to the environment (Schreuder et al., 2016), but other combinations are also possible. Depending on the context, (e.g. being in a given mood), certain senses can be dominant and suppress other stimuli.
In terms of simulating the effects of the natural environment (and of biodiversity), the multisensory approach promises higher ecological validity for controlled experiments. For instance, 3 different levels of multisensory biodiversity (High vs Low vs none) were used to relax participants after stress induction (Hedblom, Gunnarsson, Iravani, et al., 2019). The participant could see the biodiversity (360-degree images), hear it (birdsong) and smell it (scents of firs, mushrooms or cut grass). Both high and low biodiversity achieved physiological relaxation (lower skin conductance) while the no biodiversity condition (urban road, traffic noise and smell of diesel) did not. Similar results were found observing the psychological relaxation of Australian participants (Schebella et al., 2020), by comparing the stress recovery provided by multisensory biodiversity and visual-only biodiversity. When biodiversity stimulated multiple senses – i.e. with 7 visual layers of vegetation, sounds from 3 bird species and 3 natural scents – it elicited greater stress recovery and lower anxiety than when presented only visually. When the effect of audio and video of a forest were analysed, combined and individually, the multisensory forest produced higher physiological stress recovery (Song, Ikei and Miyazaki, 2021). 
In all these three studies, the congruence among stimuli appeared important. This could explain why a recent multisensory study in China (Qi et al., 2022) reported mixed results. They found that simulated environments with congruent stimuli (images of a park and birdsong) had a better effect on psychophysiological indicators than a simulation that included images, birdsong and pleasant but unrelated scents (e.g. rose petals). 
Biodiversity is certainly a great source of sensory traits. A recent study (Fisher et al., 2023) listed 102 traits across 403 species found in the UK. Most of these traits were also associated with the participants’ well-being, summing up to over a thousand unique species-wellbeing associations, most of which (85%) were positive. The study highlighted that the same species, especially trees, could provide well-being differently through different traits and cautioned against disentangling the effect of each species trait when looking at the well-being outcome.
[bookmark: _Toc179962294]Charisma in biodiversity
Given its complexity as a concept, Biodiversity can be addressed from different angles. For instance, although it is true that all species are equal when we consider species richness, the relationships between living beings are better highlighted with other dimensions. Scientists have commonly thought in terms of ratios – e.g. abundance and evenness – or more complex indexes – e.g. the Shannon’s diversity index which takes both species richness and abundance into account.
To raise support for conservation efforts, biodiversity has often been presented to the public as individual species (Bowen-Jones and Entwistle, 2002). These are called flagship species and “are popular, charismatic species that serve as symbols and rallying points to stimulate conservation awareness and action” (Heywood and Watson, 1995; p. 491). The polar bear, the great whales, and the lions hunting under the scorching sun all convey the mystery and the aesthetics needed to captivate human imagination since infancy (Montgomery et al., 2022). The paradox is that these species are usually exotic, removed and rare, thus not necessarily representative of the species richness of a given region (which likely includes thousands of invertebrate species). Flagship species also are not always good indicators of a given ecosystem's health (Simberloff, 1998) and need not to be endangered to attract support (Bowen-Jones and Entwistle, 2002). A recent study with a large group of UK school children (Montgomery et al., 2022) showed that charismatic large species were predominant in pupils’ drawings of nature and remained predominant after a year-long biodiversity course. Despite this retained preoccupation with larger charismatic animals, the pupils who took part in the course were also able to identify and draw many more species of local biodiversity, especially invertebrates.
Lorimer (2015; Ch. 2) attempted to explain the mechanisms which make a species charismatic by exploring “non-human charisma”. Focusing on wildlife, Lorimer divided charisma into three categories which will be shortly summarised: ecological, aesthetic and corporal. Counterintuitively, ecological charisma is not related to the more or less important ecological role played by a given species (e.g. pollinators). Instead, this kind of charisma represents how easy it is for humans to perceive, to be aware that this species exists, through the senses. Size, smell, shape, noise, and behaviour are all components of the ecological charisma. This helps explain why most charismatic species are large vertebrates, monumental trees or showy flowers. These are easier to perceive.
The aesthetic charisma reflects the emotional response to the visual qualities of wildlife, experienced indirectly through the media (Lorimer, 2015; Ch. 2, p. 44). The aesthetic charisma would rely on human preferences for anthropomorphism, deeming as more charismatic those species which have relatable characteristics or behaviours. For example, animals with “faces” (i.e. both eyes on the frontal part of the skull) would be favourite, due to the easier identification with human facial expression. At the same time, negative aesthetic charisma would be attributed to species with opposite characteristics. Lorimer speculates that the widespread low consideration for many kinds of insects could be due to their odd anatomy (from the human perspective), their collective behaviour and frequent parasitic behaviour.
Finally, corporeal charisma defines the emotional response to direct contact (face-to-face) with wildlife. The value of the corporeal charisma would be highly context-dependent, and the same species would be more or less esteemed by different people. For example, an entomologist specialising in the Blattoidea group (cockroaches) would possibly be delighted to discover a rare species in his basement, while the average person could probably become unsettled at the encounter.
Interestingly, none of these aspects of charisma seem to reflect the ecological importance of the species. It seems that the charisma we tribute to biodiversity relies on our convenience to take notice of them, in how much we can identify ourselves with another creature and in the joy we harvest from our relationship with the species.
Charismatic species can be powerful symbols and conservation initiatives are commonly crowdfunded by catalysing the attention of a particular animal or plant (e.g. the WWF Panda). To find out which characteristics would make a successful icon to help promote funding, Macdonald and colleagues (2015) surveyed over 1500 participants across the five continents. Results showed that large mammals, especially large felids, had the largest number of charismatic traits. Corroborating Lorimer’s typology, the most effective traits included large size (i.e. high ecological charisma) and forward-facing eyes (i.e. high aesthetic charisma).
The presence of charismatic species can also attract people to specific places for tourism and recreation. Cultural ecosystem services (including a sense of belonging and well-being) are higher where species richness is high and charismatic species are present (Bryce et al., 2016). In the UK, encounters with charismatic species (e.g. deer, dolphins, badgers) in everyday life have been associated with mental restoration (being away, compatibility) and a strong sense of belonging (Bell et al., 2018), which are linked to short-term and long-term well-being.
As a final point, another study in the UK (McGinlay et al., 2017) may illustrate another angle of the evaluation of the species as charismatic or not. Participants expressed their satisfaction and enjoyment towards charismatic (orchids, daisies, songbirds, butterflies)[footnoteRef:1] and uncharismatic (brambles, beetles, nettles)[footnoteRef:2] species. They also expressed their feelings towards hypothetical management scenarios that could have changed the abundance of the species, ranging from complete eradication to an increase of 50%. As predicted, the results favoured the charismatic species but, surprisingly, the researchers found that the reduction and eradication of uncharismatic species received only marginal support. The participants largely preferred the status quo. As the researchers pointed out, this could be due to the shifting baseline syndrome (Soga and Gaston, 2018). Laypeople are likely unaware of the current state of decline of many species – e.g. in the UK, almost one-sixth of species risk extinction (Burns et al., 2023) – and the survey showed they did not endorse management that would increase the numbers of any species, except the most charismatic. However, in the scenario presented by McGinlay and colleagues (2017), the eradication of any of the species did not predict any potential benefit, while keeping the status quo suggested no benefits but also no losses. The preference for the status quo may have also been determined by the principle of loss aversion – i.e. when choosing between potential losses and equivalent gains, “losses loom larger than gains” (Tversky and Kahneman, 1992; p. 303). For example, a study from Denmark showed that participants were more willing to pay to avert the loss of habitat for migratory birds than to fund its expansion (Vogdrup-Schmidt, Strange and Thorsen, 2019).  [1:  In order: Dactylorhiza fuchsia, Leucanthemum vulgare, Alauda arvensis, Turdus philomelos, Polyommatus icarus, Lysandra coridon]  [2:  In order: Rubus fruticosus, Timarcha tenebricosa, Canthophorus impressus, Lamium album] 

[bookmark: _Toc179962295]The People – Biodiversity Paradox
Biodiversity declines globally (Fisher et al., 2023), due also to urbanisation, climate change and intensification of agriculture, which leads to loss of habitat. It has been suggested that laypeople living in cities are progressively losing the day-to-day experience of biodiversity (Soga and Gaston, 2016), which not only may preclude them from receiving the well-being benefits but could also incentivise behaviours (e.g. consumerism) that drive the aforementioned reasons for habitat loss (Upreti, 2023).
During the span of many years, researchers have noticed a peculiar trend in people’s relationship with biodiversity. Participants exposed to different green spaces, seem to prefer those with high biodiversity. This could be explained by the “aesthetic value” (sensu Kellert, 1993), finding pleasure in certain combinations of plants and the presence of certain animals. However, this preference for biodiversity does not correlate with the participant's skills to identify/perceive how much biodiversity is truly around them. In other words, people hardly notice the difference between high and low biodiversity, but nevertheless they prefer highly biodiverse places.  
This observation was made by Shwartz and colleagues (2014). In their experiment, they implemented a number of biodiverse meadows at various locations in Paris and asked visitors about their preferences and perceptions. Although the newer biodiverse meadows were preferred, visitors' perceptions of biodiversity were similar between the meadows and the control plots (mostly mowed grass).
Pett et al. (2016) proposed some explanation for this paradox. On the one hand, they argued, there is a lack of identification skills among the general population. This has been observed in the aforementioned experiment by Shwartz and colleagues (2014), but also by Dallimer et al. (2012) in the UK and more recently in the Netherlands (Hooykaas et al., 2019). On the other hand, the relationship between people and biodiversity is multifaceted, heavily influenced by individual characteristics (e.g. age) and experiences (e.g. negative interactions with wildlife) which concur in the development of different sensitivities. For example, not all would be comfortable with the idea of encountering a wolf during a forest walk, but most people would recognise, sometimes even esteem, the role of the wolf as a predator, regulating problematic species such as deer or boar.
Two more solutions to the paradox have been suggested. The first is changing how perceived biodiversity is measured, while the second is designing green spaces differently so that the biodiversity could be easier to perceive. Addressing the first solution, Gyllin and Ghran (2005), developed the biodiversity experience index (BEI) as an alternative to measure perceived biodiversity. Rather than asking people to count, recall or guess “how many” species a given location could host, the BEI relies on a simpler semantic, that both experts and non-experts can share. The questionnaire focuses on visual plant and animal richness (i.e. the macroscale, easier to perceive), on hints of variation and on a sense of “wild-looking”. In their test, ecologists and laypeople provided similar BEI ratings of the green spaces under analysis, which was much closer to the surveyed actual biodiversity than traditional measures of perceived biodiversity. Concerning the second solution, among the design elements that could help visitors perceive biodiversity, habitat and visual heterogeneity seem promising. A recent experiment (Schebella et al., 2019) found that one additional habitat in a park increases the chances that visitors will perceive that park as more biodiverse. If the preference for biodiverse spaces plays a role, this could lead to more visits (and more salutogenic contact).
Despite the difficulties and lack of identification skills to perceive the species richness correctly, this does not appear to hinder non-experts from benefitting from the contact with biodiversity (Dallimer et al., 2012). For example, the cooling provided by urban trees varies depending on the species, as they behave differently in terms of evapotranspiration (Gunawardena, Wells and Kershaw, 2017) and shading (Speak et al., 2020). Summarising, biodiversity is at the base of all ecosystem services (Corvalan et al., 2005) and some of these are especially important for urban environments. However, Pett and colleagues (2016) argue, the absence of a clear cause-and-effect link between biodiversity and the well-being does not help generating pro-biodiversity behaviours. This could make things more difficult for both conservationists and urban planners, for the long-term success of solutions to provide more ecosystem services relies on public acceptance (Anderson and Renaud, 2021)
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[bookmark: _Toc179962297]Introduction to the Chapter
The role of this Chapter is to illustrate the methodological choices made to address the research questions. Each of the paper-Chapters (4 to 7) will detail the materials and methods used, while this Chapter aims to illustrate what was done in more general terms, as some of the approaches presented may be uncommon to landscape research.
In the beginning, there will be a summary of the research questions, showing how these pertain to the quantitative domain. Following, the Chapter will introduce two concepts used in the experimental procedure: randomised trials and repeated measures. It will then move on to the practicalities, discussing the advantages and challenges of surveys as a tool for data collection, and also how to address the challenges when collecting data online. The media developed for this PhD project (i.e. 360-degree videos and tours) will be briefly described, focusing on their role in providing controlled exposure to green spaces. The second half of the Chapter will illustrate the measures used in the project. In particular, it will detail the choices concerning measuring biodiversity and perceived biodiversity. Then, the discussion will turn to measuring well-being, illustrating how psychological states and bodily functions (heart rate and brain activity) can reflect each other, and how this can improve the reliability of the evidence when investigating stress and recovery. At the end, a general experiment template will be presented.
[bookmark: _Toc179962298]Addressing the research questions
At the start of this Chapter, it is useful to analyse the research questions from a more theoretical angle. Simplified to the bone, most of the research questions presented in Chapter 1 could also be expressed as:
“Does more biodiversity provide more mental well-being?”
The question is clearly quantitative, as it implies a comparison of quantities of biodiversity and quantities of mental well-being. This question has been addressed in different ways in the various Chapters, each one introducing different constraints through different hypotheses. In general, the research question could look similar to a clinical trial, where the green space is the vector and the biodiversity is the drug under analysis. Will a higher “dose” of biodiversity elicit more stress recovery than a lower dose?
[bookmark: _Toc179962299]Randomised trials
To answer this question, it is necessary to compare the effect on at least two groups of participants, each exposed to a different treatment (i.e. a different level of biodiversity). These groups need to be comparable, in size and, most importantly, in quality, accounting for the many factors that may have an impact on the response. For instance, in the case of recovery from stress, age and gender are significant factors to account for (Sousa et al., 2021). As shown in Chapter 2, there are so many factors that may affect mental well-being that it is not surprising that previous research has found sometimes contrasting results. Therefore, how to ensure that the experimental groups will be comparable? Enter randomisation.
Randomly assigning each participant to a treatment group or a placebo/control group is one of the most established tools to infer causal relationships (Bloom, 2008), as it allows to (theoretically) eliminate bias. More realistically, bias will be significantly reduced as, due to the laws of probability, most of the differences existing in a sampled population should be equally distributed across all treatment groups. This allows the validation of the treatment effect – i.e. if all groups are comparable, any effect is due to the treatment. In other words, randomisation increases internal validity. However, for a result to be completely unbiased and representative, randomisation should also be applied when sampling the population, which is usually unpractical in terms of time and cost. Moreover, there is always the possibility that someone assigned to the treatment group will not receive it (e.g. by not showing up or being distracted). These are common limitations for many experiments, especially when the sample size is restricted by budget.
[bookmark: _Toc179962300]Repeated measures
To strengthen the confidence in measuring the effect of a treatment, researchers often measure at least two times: 1) before the treatment (i.e. at the baseline) and 2) after the treatment. The repeated measures design allows for two empirical observations: first verify whether there was an effect (i.e. the two measurements are different) and, second, quantifying the effect (e.g. calculating the difference between the two measurements). The assumption here is that possible subjective factors tied to the participant (e.g. age, gender) should be similar between the two measurements if the time between them is relatively short. Therefore, any change in the response can be reasonably attributed to what happened between the two measurements (i.e. the treatment). Introducing more measurement points in the procedure improves the precision of the estimates (Clifford, Sheagley and Piston, 2021).
This also allows for additional control of the variable of interest. For example, introducing a stressful task before exposing a participant to the green space is an effective way to make the effect of the green space on recovery more evident (Van Den Berg, Jorgensen and Wilson, 2014). In this project, since all participants were online and likely had different baseline stress levels, introducing a stressor ensured that all participants responded to the treatment starting from a comparable point. 
[bookmark: _Toc179962301]Analytic approach
Statistics
The main statistical method used in this PhD project was the repeated measure mixed ANOVA, or simply mixed ANOVA (Field, 2018; ch. 16). This is an extension of the one-way ANOVA, which is a test used to compare the means of a dependent variable between groups determined by an independent variable (e.g. the height of two groups of shrubs subjected to different irrigation regimes). The mixed ANOVA combines the one-way design and the repeated measure design, comparing the means between the experimental groups and between the measurement stages. In more technical terms the analysis considers both the differences within participants (e.g. how their negative affect varied during the experiment) and between participants (e.g. if the negative affect was different between groups of participants). For example, consider the following analysis extracted from Chapter 7. Two groups of participants were first stressed and then exposed to two different environments to relax: one group relaxed in a car park, the other in a green park. The procedure was identical for both groups, except for the place where they could relax. 
Table 1 shows that: a) the dependent variable (the Joviality score) varied during the procedure (i.e. at least one of the stages is different from the others); b) the two groups showed similar Joviality scores, averaging the three measurement points together. However, the mixed ANOVA introduces an interaction element, testing if the two groups were different at least at one of the measurement points. As shown in Figure 2, there was a clear difference between the two groups at stage 3 (the relaxation stage), indicating that relaxing in a vegetated park elicited more joviality than in a car park. 


Table 1. Example of mixed ANOVA summary
	Within-subjects test
	F = 14.808
	P-value = 0.001

	Between-groups test
	F = 1.006
	P-value = 0.318

	Interaction test
	F = 14.328
	P-value = 0.001



[image: ]
Figure 2. Example of mixed ANOVA. Stage 1 = baseline Joviality, 2 = post-stressor Joviality, 3 post-treatment Joviality.
Quantitative Content analysis
Photographs (Chapter 4) and answers to open questions (Chapters 5 and 6) were analysed with quantitative content analysis, which is a “systematic quantitative analysis of message characteristics” (Neuendorf, 2017), in which words or images are categorised (“coded”) in order to “count” how many times a specific answer was given. The reason to do this was to produce descriptive statistics (e.g. how many participants noticed the flowers) and identify sub-groups in the sample that could be tested statistically (e.g. were those who noticed the flowers more joyful than the others?). In chapters 5-6 the approach to coding was primarily deductive and looked for words indicating whether the participant had noticed the species shown in the video/virtual tour (e.g. “trees”). Following Krippendorff (2019), the entire comment written by the participant (usually a single sentence) was used as the “context unit” to ensure a correct categorisation of the content.  One of the advantages of deductive coding is its “intercoder reliability” (Coe and Scacco, 2017), meaning that different coders should reach the same coding results by following the predetermined coding definitions. However, this requires the codes to be exhaustive (i.e. categorising all the possible meanings of the code) and mutually exclusive (Krippendorff, 2019), which is sometimes difficult to achieve when coding non-textual material (e.g. photographs) with a predetermined code instruction. One of the disadvantages of the deductive approach is that it prevents the coding of more subtle themes/dimensions which could be important for the interpretation of the results. Therefore, a combination of deduction and induction is frequently used in content analysis, as it allows the post-hoc consideration of variables that, although not considered initially, may be “critical” for interpreting the context or the medium (Neuendorf, 2017; p. 97).
[bookmark: _Toc179962302]Data collection
Due to the social restrictions imposed by the pandemic for almost two years (2021-2022), designing a face-to-face experiment was not feasible for most part of the project. Therefore, with the exception of Chapter 4, which analysed secondary data, and Chapter 7, which includes a face-to-face sample, most primary data for this PhD were collected online with surveys. Surveys are one of the most used tools to collect quantitative data in the social sciences, including experimental data (Gaines, Kuklinski and Quirk, 2007). Compared to qualitative methods, the main limitation of this approach is that the data has usually limited depth of information, which is often synthesised into proxies to convey the bigger picture at the expense of the detail.
Online data collection can be asynchronous, as the researcher and the participant might not be present at the same time. In such case, collecting data relies heavily on the goodwill and engagement of the respondent. One of the most important factors for engagement is the survey duration, which is directly related to the response/completion rate (Liu and Wronski, 2018). The longer the survey, the harder it will be to collect a complete response. Online, potential participants can be subjected to competing stimuli (e.g. notifications) and can easily close the survey page once their patience is exhausted. Therefore, the survey experiment had to be as short as possible. Informed by previous empirical evidence (Deutskens et al., 2004; Galesic and Bosnjak, 2009), a target duration of 10 minutes was established to minimise the dropout rate. Overall, all surveys developed for this PhD had an estimated completion time of 10 to 15 minutes. Further, the survey questions had to be easy to understand (Liu and Wronski, 2018) as well as reliable – i.e. widely tested on a large population. As detailed in Chapters 5 to 7, the surveys were built by combining standardised questionnaires from the UK Census for demographics (Statistics, 2016) with validated psychological scales.
Another challenge of this kind of online surveys is the limited control of the researcher over the participant experience. Different participants will likely take part at different times of the day, with different levels of engagement and using different devices. A way to peer through these uncertainties was analysing the Metadata – i.e. the information embedded in the response. Metadata included temporal information (e.g. date and time of the participation), geographical information (through the IP address) and technical information. For instance, it was possible to know the type of device used to participate, along with its screen resolution, the browser version and the operative system. Although not related directly to the experimental variables, these indicators provided useful hints for understanding the participant experience and informed decisions about data, such as the exclusion from the analysis. For instance, in Chapter 5, the information sheet recommended that the participant use a large screen (laptop or larger) to maximise the effect of the treatment video. With metadata, it was possible to see if the participant complied or not and to test, statistically, if the size of the screen determined a significant difference in the response. Since the analysis did not show a difference between laptop users and smartphone users, complete responses provided via smartphone were included to increase representativeness (Brosnan, Grün and Dolnicar, 2017).
[bookmark: _Toc179962303]Target population and sampling
The population of interest for this PhD was that of young adults aged 18-35. Considering the start during the second part of the Covid-19 pandemic, this age group, which includes university students, was deemed to be the most accessible, due to its relatively high familiarity with online surveys and online videos. Further, students are known to experience high stress levels due to their academic work (Robotham and Julian, 2006; Hipp et al., 2016; Browning et al., 2023), which is theoretically advantageous when attempting to observe a stress and recovery process (Ulrich et al., 1991).
To increase the representativeness of the project, the participation was however open to the other age groups (see Chapters 6 and 7), with the only potential barrier being the English language of the survey (which was kept simple) and digital literacy. In one of the studies (Chapter 6), the survey was translated into Standard Chinese to further broaden the scope of the research.
Considering the above, the sampling approach used in all experiments was non-probabilistic (e.g. based on convenience). All participants willing to take part in the studies were selected until reaching a sufficient sample size to ensure good statistical power. The main disadvantage of convenience sampling is that it limits the generalisability of the results, as the sampled population is usually not representative of the general population. However, convenience sampling does not limit the internal validity (i.e. the possibility of identifying causal links between a stimulus and a response), provided the sample size is appropriate for the experiment and participants are randomly assigned to control and treatment groups (Sedgwick, 2013). 
[bookmark: _Toc179962304]Recruiting participants online
The World Wide Web can potentially provide access to any number of participants, but it is similar to a vast ocean, where participants are found more easily in some places than others. Social networks host millions of users and are regularly used in the social sciences as the source of data. However, as shown by the recent Twitter restrictions (Kupferschmidt, 2023), this access relies on the terms and conditions of a private company, which can change with short notice. One of the main advantages of using social networks is to reach age groups that are not commonly found among university students (a most convenient source of research data). However, the recruitment of participants on Facebook and Twitter relies on the researcher's network. Those who will feel interested in taking part in a survey, and staying focused from start to end, are those who see the research as a good value for their time and effort. Collecting data on social networks then can require investing time and resources in building an audience, and regularly releasing content on the platform. In the case of this project, this was unpractical due to 1) the author’s scarce presence and engagement with social networks, and 2) limited time to create an audience.
A more successful approach was provided by “Survey exchange” websites. On these platforms, survey owners can recruit participants for their studies by taking part in someone else’s data collection. This approach requires time, but not as much as creating an audience on social networks from zero. Most of the respondents in this PhD were recruited on two websites: SurveyCircle.com and SurveySwap.io. Potential participants on these platforms were commonly university students working on their dissertations, but also academics and private business. On both platforms the working principle is reciprocation: the time spent as a participant provides an incentive (in the form of points) that can be used to recruit participants. On SurveySwap, each minute of participation will grant 1 point, while recruiting a participant for your study will require spending one point for each minute of duration. A researcher with a 10-minute survey needs 10 points to recruit one participant, which they can collect by taking part in someone else’s 10-minute survey or two 5-minute surveys. SurveyCicle uses a slightly different approach. All research projects are ranked, with on top those studies whose managers have invested more time in participating in other users’ surveys. Being in the higher part of the ranking makes the study more appetising since it will grant more points for participation (and will be more visible). Recruiting participants in this way was time-consuming, though quite effective during certain times of the year (e.g. summer) when more users were active (e.g. students collecting data for their dissertation project). A potential drawback is that these platforms are mostly used by students and academics, which limits the generalisation of findings. This is a regular limitation in the social sciences (McNemar, 1946).
For this reason, Chapter 7 replicated the experiment presented in Chapter 6 with a sample recruited on Prolific (www.prolific.com). Like Amazon’s Mechanical Turk and Qualtrics, web platforms like Prolific provide access to a panel of participants for a fee. Theoretically, participants on these platforms are incentivised to take part because they are offered compensation. This generally results in faster data collection compared to social networks and survey exchange, also with improved data quality. The limiting factor is the cost. For example, a 10-minute survey will cost £1.5 per participant (assuming a £10/hour compensation). Douglas, Ewell and Brauer (2023), compared many of these platforms in terms of cost, accuracy of the response and participant honesty. The quality of the responses was generally good on all platforms, but Prolific promised the highest quality at the lowest cost.
[bookmark: _Toc179962305]Media Tools
[bookmark: _Toc179962306]Visual media provide exposure to green spaces
As discussed in Chapter 2, visual media have been largely used in psychology and landscape research. Methodologically, the clear advantage is to expose participants to a standardised stimulus. The control over the treatment is higher on a visual medium than on its physical counterpart, since it will not change based on the time of the day, the season or the weather. Using visual media can increase the number of potential participants, since showing someone a video or an image is logistically simpler than arranging a visit to a park. Nonetheless, the stimulation provided by the green space will be limited to the visual and aural information, excluding the potential benefit from the olfactory and tactile sensations.
In this research project, two types of visual media were used to expose participants to the green space: 360-degree videos and virtual tours. Both media projected the video/image on a sphere around the viewer's point of view, so it is possible to “look around” by moving the camera. Compared with traditional videos and images, these 360-degree media provide the participant with a degree of interactivity, simulating a limited exploration of the environment (Ausin-Azofra et al., 2021). In virtual tours, the participant can “jump” from one photo to another and see more of the environment – e.g. the most common example of this principle would be Google Street View. This interactivity has the potential to increase the engagement of the participant with the environment, which provides a useful proxy for the real-world experience. Despite their complexity, virtual media cannot provide the same sensory stimulation as the real place (Browning, Shipley, et al., 2020); however, if the quality is high enough, videos have been suggested to activate the mirror neurons and elicit some tactile sensations (McEwan et al., 2023). 
In terms of controlling the biodiversity level, both 360-degree videos and virtual tours proved adequate. In Chapter 5, four 360-degree videos were produced from the same area (a clearing in a Sheffield woodland), each at a different level of species richness. This was achieved by leaving the camera in the same position and temporarily adding flowering plants around it. With virtual tours, Chapter 6, the control was even finer, as the intention was to observe the independent effects of species richness and colour richness. By using digital models of the plants, it was possible to keep the species count constant while changing the colours and vice-versa.
[bookmark: _Toc179962307]Stressor
In restorative research, the use of psychophysiological stressors is justified to briefly simulate the effect of a stressful urban environment, which will alter the baseline parameters, allowing the recovery process to be clearly observed (Ulrich et al., 1991; van den Berg, Koole and van der Wulp, 2003). Physical stressors are commonly used in psychophysiological research, such as the cold pressor test (i.e. immersion of an arm into icy water) (Schwabe and Schächinger, 2018), and carbon dioxide (CO2) inhalation (Liu et al., 2017). In this PhD project, a moderate stress induction was attempted by playing the sound of a siren alarm (e.g. a fire alarm); this aimed to increase the negative affect momentarily. Hearing a fire alarm is a regular experience in most student accommodations and universities, where regular testing is compulsory. These tests expose students and staff to a very loud sound for tens of seconds (depending on the system and its testing procedure). 
In all experiments, to ensure the participants' safety, they were provided with sample audio (7 seconds extracted from Vivaldi’s “Four Seasons”) and invited to adjust the volume on their device appropriately before starting the experiment. The sample sound, the stressor and any sounds present in the experiments were all regulated at the same sound intensity via loudness normalisation at -19 LUFS (i.e. Loudness units relative to full scale). This value meant the sounds were 5 LUFS quieter than the current standard value for YouTube, Spotify and most of the streaming platforms. This protected the participants’ hearing from excessive volume and also standardised the effect of the sound loudness across all participants.
[bookmark: _Toc179962308]Measures
[bookmark: _Toc179962309]Biodiversity
As illustrated in Chapter 2, there are various methods to quantify biodiversity. In landscape research and urban studies, biodiversity is commonly quantified inferentially, relying on vegetation indexes and visual inspection. Flora and fauna surveys, where the species richness and abundance are measured on linear transects or quadrats, are not often reported (Botzat, Fischer and Kowarik, 2016). This is surprising considering that species richness is directly linked to the Biophilia hypothesis and can be linked to the Attention Restoration and the Stress Recovery theories. Theoretically, the higher the number of species, the higher the chances of finding something fascinating, opening a pathway to well-being. In this PhD, we focused mostly on plant species richness, since plants provide habitat for animals and are the most obvious element. Plant species richness is also relatively easy to assess in urban green spaces, where design and management make the planting accessible and the number of species tends to be limited. Another reason to focus on plants was the ease of manipulation since small plants can be temporarily placed into an existing space to increase the species count. Nonetheless, animals were included in the form of audio (Chapter 5) and digital models (Chapters 6-7). A limitation of this approach is that it primarily focused on clearly visible taxonomic groups (e.g. vascular plants, mammals), not considering invertebrates. This was a necessary limitation, as with the indirect exposure through visual media, invertebrates would have been too small to be seen.
Species richness was measured by counting all species shown in a photo (Chapter 4) or surveying the existing flora before introducing more plants (Chapter 5). Manipulation of species richness involved increasing the species richness, either with real plants and birdsongs or digital models of plants and birds. Confounding factors were controlled as much as possible. For instance, in Chapter 6, the number of species varied while the number of plant layers was held constant. Some elements could not be controlled so finely, for example, leaf shapes and flower colours. As these aesthetic elements are part of the identifiable characteristics of different species, they were considered to overlap with (or more likely be included in) the concept of biodiversity.
To measure perceived biodiversity, it was important to avoid any reference to the term itself to reduce bias. Recently, biodiversity has become a sort of buzzword, often advertised as something desirable and healthy (Mammola et al., 2023). On the other hand, it remains a technical term, which meaning may not be understood by all members of the public. It was also important to avoid a count of the species during the procedure given that the general public has been argued to have limited identification skills (Assaf Shwartz et al., 2014). Two approaches were therefore attempted to rate the perceived species richness indirectly. 
The first, used in Chapter 5, involved a proxy: participants were asked to rate the suitability of the green space shown in terms of providing for plants and wildlife. As an extra measure, those who had given the highest rates, were asked to elaborate: what did they see to reach such a conclusion? This approach provided useful insights but it could be argued that it did not probe into the perceived species richness but rather in the perceived naturalness or ecological value. However, both these elements have been proposed as part of the construct of perceived biodiversity (Irvine et al., 2023). The second approach, used in Chapters 4, 6 and 7, replicated the one used in Cameron et al. (2020). Participants were asked to guess how many types of flora and fauna they could see in the video/tour. This was more closely related to species richness but did not involve counting and offered a straightforward interpretation. The use of more complex scales such as the Biodiversity Experience Index (Gyllin and Grahn, 2005) or the new Bio-Well scale (Irvine et al., 2023) would have been more reliable, but, again, this was a trade-off to reduce the survey duration.
[bookmark: _Toc179962310]Affective well-being
As mentioned in Chapter 2, this PhD narrowed its focus on affective well-being. Summarising, Affect includes emotions, stress responses, impulses and moods (Gross, Uusberg and Uusberg, 2019), has physiological foundations (Panksepp et al., 2017) and has evolved to respond to external stimuli (e.g. fear) and to address internal needs (e.g. loneliness). Considering the time constraints of the research design (a 10-15-minute survey), assessing well-being had necessarily to be focused on psychological states. Therefore, by stimulating and observing affective states, it should be possible to link an in-the-moment experience such as seeing a park in the experiment with a general situation (e.g. passing through a park on the way to work). 
The main tool to measure affective states was the Positive and Negative Affect Schedule – shorted to PANAS-X (Watson and Clark, 1994). This scale was the most suitable candidate as it offers a good correlation with other commonly used scales (e.g. the Profile of Mood States, or the State-Trait Anxiety Inventory), providing good comparability with previous and future studies. The scale is also easy to use for the participant, who rates each emotion from 1 to 5, and to interpret by the researcher – i.e. higher values correspond to intense emotions. Further, an international short version of the PANAS is available (Thompson, 2007) and offers improved reliability with participants who are not English native speakers. This was important for an online audience, where language skills can vary. The PANAS-X also provides subscales that can focus on the parts of the emotional spectrum that the researcher is interested in measuring. Initially, the focus was on general positive and negative affect (Chapter 5), while later the analysis of positive affect was expanded to distinguish low arousal positive affect (i.e. relaxation) from high arousal positive affect (i.e. joviality). In one case (Chapter 4), the only available measure of affective well-being was a single-item, five-point Likert scale, ranging from a sad emoji to a happy one (Cameron et al., 2020).
[bookmark: _Toc179962311]Nature connectedness
Nature connectedness represents one’s connection with nature and has been conceptualised as a psychological trait, stable in the long term (Nisbet and Zelenski, 2013). Nonetheless, nature connectedness can also change over time, for example, increase after positive interactions in nature (Richardson, Cormack, et al., 2016). Among the subjective dimensions that could have a role in the restorative biodiversity/well-being relationship, nature connectedness could be an important mediator. 
Qualitative research highlighted that Nature connectedness would be related to biophilia’s  “aesthetic” and “naturalistic” values (see Kellert, 1993), which would be directly linked to the conceptions of “what is good in nature” (Richardson, Hallam and Lumber, 2015). Experimental studies found relationships between nature connectedness and positive affect (Mayer et al., 2009; Nisbet, Zelenski and Murphy, 2011), highlighting that nature connectedness may have a role as a mediator between the exposure to nature and the improvement of well-being. Relationships between nature connectedness and well-being (both hedonic and eudemonic) were later supported by meta-analyses (Capaldi, Dopko and Zelenski, 2014; Pritchard et al., 2020). Finally, evidence from a cross-cultural study (which included participants from Canada, Japan and Russia) suggested that the mediation of nature connectedness on the positive affect could be found in several cultures (Capaldi et al., 2017). Therefore, in testing the effect of biodiversity on affective well-being, nature connectedness was taken into account.
Several measuring tools were available, some focusing on a single dimension of the connection to nature, such as the emotional affiliation (Schultz, 2002; Mayer and Frantz, 2004) or looking at multiple dimensions together – e.g. pro-environmental behaviours and intentions (Nisbet, Zelenski and Murphy, 2009). Overall most of these scales were highly correlated and measured the same construct (Tam, 2013) – i.e. how much a participant feels generically connected to their own concept of nature. Therefore, the choice fell on the Inclusion of Nature in Self scale (Schultz, 2002). This is a one-item scale, which kept the survey length short and concise. 
[bookmark: _Toc179962312]Physiological indicators of stress and relaxation
Due to the pandemic situation, several restrictions limited the collection of physiological data. One of the most reliable indicators of stress would have been the concentration of cortisol in the saliva (Roque et al., 2020). However, this approach had to be excluded as saliva was one of Covid-19’s vectors of contagion. Other indicators such as heart rate variability (shortened to HRV) and electroencephalography (acronym EEG) provided a suitable alternative. Both methods are not invasive, as they record the electrical signal of the brain and the heart activities from the skin surface. Heart rate variability has been proposed as an indicator of the autonomous nervous system activity, which plays a major role in emotion regulation. Electroencephalography has been associated with states of relaxation, sleep and oneiric activity. 
Heart rate variability
The heart rate variability is the variation of time intercurrent from one heartbeat and the following. In fact, “A healthy heart is not a metronome” (Shaffer, McCraty and Zerr, 2014), meaning the heart rate constantly changes to adapt to the situation. For example, strenuous physical activity requires more energy than reading, therefore the heart will beat faster to pump more blood and make sure the necessary nutrients reach the cells in need. The heart could be seen as a constantly spinning engine, which speed can be regulated by a gearbox. In mammals, this gearbox is the autonomous nervous system. As mentioned in Chapter 2, this system is subdivided into two parts: the sympathetic and the parasympathetic. The activity of these two subsystems tends to be opposite and mutually exclusive. The sympathetic stimulates energy expenditure (“fight or flight), while the parasympathetic regulates it, allowing for recovery (also known as “rest and digest”). Most of the body's physiology is regulated by the balance of these two activities. In theory, the heart rate variability reflects the parasympathetic activity (Laborde, Mosley and Thayer, 2017), meaning that higher variability is associated with higher parasympathetic activity and lower sympathetic activity. 
This has received support from anatomical studies. For example, (Porges, 1995, 2007) proposed that the nerves connected to the heart from the autonomous nervous system would be able to regulate the heart rate according to a hierarchical order. These nerves would be distinguished into three groups: fast parasympathetic fibres, sympathetic fibres and slow parasympathetic fibres. Under normal conditions, the heart rate would be regulated by the fast parasympathetic fibres; when a stressful situation arises, the parasympathetic fibres would reduce their activity, allowing the sympathetic fibres to increase the heart rate. Once the stressful event has passed, the fast parasympathetic fibres will take over again. The role of slow parasympathetic fibres remains unclear, but it is possibly responsible for the fainting mechanism, as the last resort of avoiding the harmful situation. In summary, measuring the heart rate variability during a stressful event and a relaxation period should show whether relaxing in a biodiverse space could be more effective. Chapter 7 provides more details on how heart rate variability was measured.  
Electroencephalography
As mentioned, Electroencephalography is the measurement of the electrical activity of the brain. This electrical field is made of all signals emitted by the neurons and can be recorded with electrodes placed on the scalp. Although the exact origin of any brain signal is hard to pinpoint (Cohen, 2017), it is possible to observe cyclical patterns (waves) concentrated in certain areas of the scalp (Kaiser, 2005). These waves are classified based on their frequencies and have been empirically associated with certain behaviours. For instance, the 8-12hz waves (called “alpha”) recorded on the occipital region (i.e. the back of the head), have been observed in participants who were awake but relaxing with closed eyes (the occipital region is thought to process most of the visual information coming from the sight). According to Ramirez and Vamvakousis  (2012), a reduction of the beta (waking) activity on the frontal lobe and/or an increase in alpha (relaxing) activity in the same region should hint towards a reduction in the cognitive activity (i.e. a relaxation). 
The challenge with electroencephalography however is that measuring the brain's electric activity from the scalp is like watching a football game from outside the stadium (Biasiucci, Franceschiello and Murray, 2019). The crowd (i.e. the neurons) is constantly cheering and booing and clapping, so it is possible to tell when something exciting is happening, but not who has the ball or who scored. This is due to two facts: first, cognitive functions are carried out by multiple parts of the brain at the same time (Posner, Russel and Peterson, 2005); second, the current measured on the skin surface (e.g. the frontal lobes), may not be originated directly below it (Cohen, 2017). Overall, electroencephalography is probably too complex for observing relaxation due to biodiversity in green spaces. In combination with other measures (self-reported affect, heart rate variability) it could have been possible to gather correlational evidence of the participant's emotional state. Originally, the experiment presented in Chapter 7 would have involved both electroencephalography and heart rate variability as physiological indicators of stress and recovery. Two wearable EEG devices were tested, the Muse-S (www.choosemuse.com) and the EPOC-X (www.emotiv.com) as they were used in previously published research (Krigolson et al., 2017; Elsadek and Liu, 2020). Although electroencephalographers tend to be expensive (over £30000) these devices were relatively affordable, having been developed as fitness gadgets for relaxation and meditation practices. After piloting the experiment, electroencephalography was discontinued due to the following reasons: device sensitivity, complex data processing, and impossible replication of the results.
[bookmark: _Toc179962313]Excursus: What did not work with electroencephalography
Collecting clean EEG data was the first challenge. Both Muse and EPOC-X devices were able to record electric signals from the participant's scalp, but this had very high levels of noise (i.e. unwanted data of unknown origin) and artefacts (extreme voltage values generated by muscle movements). This was usually due to the loose contact of the electrodes on the participant’s scalp. The EPOC-X was too large to be appropriately fitted on participants with smaller heads, which resulted in poor clamping pressure, and unable to push hairs aside.
Noise and artefacts were expected, as any raw EEG data needs filtering to remove any unrelated frequencies (i.e. anything below 0.5hz and above 60hz) and sections of the recording dominated by muscle activity, such as blinking, which generates a low-frequency electrical signal. However, reliably processing the raw data was impossible. The following processing methods were attempted: 
1. Using the first-party software provided by the devices’ manufacturers (as done by Lin et al., 2020). This software did not disclose how the resulting indexes were calculated from the raw data. More importantly, this method did not seem capable of removing artefacts.
2. Automated filtering and manual removal of unreadable data sections (Shan et al., 2018) using EEGLAB, a software toolbox developed on MATLAB (Delorme and Makeig, 2004). Although EEGLAB allowed complete control of the data, manual removal of artefacts was too subjective and susceptible to the researcher’s mood (e.g. boredom).
3. Applying automated processing on EEGLAB, such as the PREP (Bigdely-Shamlo et al., 2015) and HAPPILEE (Lopez et al., 2022). These scripted procedures provided consistency in the data processing but relied on signal interpolation (i.e. reconstructing missing data from a disconnected electrode by averaging the data from other electrodes). The quality of the reconstruction was limited by the low number of available electrodes.
With all these methods, EEG values of alpha and beta waves were statistically similar at all experimental stages (baseline, stressor, recovery). Therefore, it was impossible to establish if this was due to 1) the research design (i.e. the stimuli involved did not elicit any change in the response), 2) low sensitivity of the device (e.g. too few electrodes to interpolate the missing part of the signal), 3) procedural errors in processing the raw data or 4) no effect of biodiversity on the electroencephalogram. A summary of published literature that used similar devices and data processing is reported in the appendix. 
[bookmark: _Toc179962314]The experimental template.
To conclude, Figure 3 illustrates the experimental template which was used in Chapters 5, 6, and 7. This draws on previous experimental work (Van Den Berg, Jorgensen and Wilson, 2014; Lindemann-Matthies and Matthies, 2018; Schebella et al., 2020) and guidelines for psychophysiological studies involving heart rate variability (Laborde, Mosley and Thayer, 2017).
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Figure 3. Flowchart illustrating the general experimental procedure.
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[bookmark: _Toc179962316]Abstract 
Urban nature is a recurrent presence in cities, yet not many city-dwellers seem to notice it. In 2017, residents of Sheffield (UK), took part in a city-wide project for “Improving Well-being through Urban Nature” (IWUN). Participants reported their feelings and perceptions about the city, along with many photographs of its natural and built spaces.
This paper aimed to probe deeper into the relationships between the participants’ well-being and their perceptions through the lens of their smartphones. 188 participants were prompted to notice their thoughts and feelings about either natural or built spaces, along with ratings of their well-being. The participants shared 955 photographs of their surroundings. Using multilevel logistic regression, the analysis aimed to understand the main drivers of the participants’ well-being while controlling for other moderators (e.g. gender, age, nature connectedness).
The results showed that the strongest predictor of well-being was the participants’ perceived species richness – i.e. the number of species they believed to be in that space. The higher the perceived species richness, the higher their well-being. Interestingly, the actual number of species, estimated from the photos, was only marginally related to well-being, suggesting a degree of unconsciousness in the biodiversity/well-being relationship. Other urban elements associated with high well-being were domestic gardens and water bodies, while the presence of trees, hedges or buildings in a photo was generally associated with average well-being.
Overall, this confirms that urban nature, through species richness and natural features, plays an important role in providing well-being. This relationship should be carefully considered by planners, managers and policy-makers.
[bookmark: _Toc179962317]Introduction
[bookmark: _Hlk68785271]Decades of research have highlighted how the presence of urban nature – i.e. urban spaces with plants and wildlife at different degrees of human management (Bratman, Hamilton and Daily, 2012) – is associated with greater self-reported well-being. Under the influence of restorative theories, such as the Attention restoration theory (Kaplan, 1995), contact with nature has been widely investigated (Hartig et al., 2014; Frumkin et al., 2017) and found to be related to many psychological and physiological positive effects, including better memory (Stevenson, Schilhab and Bentsen, 2018), reduced stress (Ulrich et al., 1991; Kondo, Jacoby and South, 2018; Corazon et al., 2019) and blood pressure (Lanki et al., 2017), improved mood (Kobayashi et al., 2015; Song et al., 2019; Wen et al., 2019) and heart rate variability (Song et al., 2015). Research also suggests that people with a greater connection to nature gain more well-being benefits (Mayer et al., 2009; Capaldi, Dopko and Zelenski, 2014), and species-rich spaces seem to elicit more positive effects (Fuller et al., 2007; Clark et al., 2014; Wolf et al., 2017; Wood et al., 2018).
While a greater species richness in an environment has been associated with greater self-reported well-being, the effect varied depending on which group of organisms was considered –  e.g. Fuller et al. (2007) found positive associations between the number of plant species and well-being, but no associations between the number of butterfly species and well-being. The type of natural environment considered may also play a role – e.g. seminatural areas with high numbers of plant species have been negatively associated with well-being (Dallimer et al., 2012).  Marselle et al., (2021) proposed that two types of biodiversity conceptualisations seemed related to well-being: actual biodiversity (i.e. objectively measured by experts following established protocols) and perceived biodiversity (i.e. subjectively estimated without following a protocol). In this paper, the focus is on the “species richness” – i.e. the number of species present in a given area – and the differences between actual and perceived species richness. The two are not always in agreement and experts’ measures of actual biodiversity can differ significantly from non-specialists’ perceptions (Lindemann-Matthies and Bose, 2008). Nonetheless, layperson perceptions of species richness tend to be more strongly associated with self-reported well-being than actual species richness (Gonçalves et al., 2021). However, subjective well-being has been positively associated with both actual and perceived bird species richness of several parks in Sheffield (Cameron et al., 2020) – i.e. the greater the actual and perceived number of bird species, the greater the well-being.
[bookmark: _Hlk67579423][bookmark: _Hlk178667739]Although the research mentioned above focused on urban nature, urban nature should not be considered as the only beneficial element of urban well-being. Walking in an urban environment with low traffic and pleasant architecture has been shown to have restorative potential (Stigsdotter et al., 2017; Bornioli, Parkhurst and Morgan, 2018), as well as spending time in cafes and malls (Staats et al., 2016). Moreover, the concept of the Green Infrastructure (Tzoulas et al., 2007; European Commission, 2019) points out the interconnection of green and grey spaces, acknowledging the existence of mixed spaces (e.g. avenues, green roofs, public allotments etc), where urban nature is present and provides a range of ecosystem services.
[bookmark: _Toc179962318]The present study
In 2017, the city of Sheffield (UK, 53°23′01″N, 1°28′01″W) was chosen as the case study for a large-scale research project called “Improving Well-being through Urban Nature” (IWUN, www.iwun.uk). One of the project aims was to investigate which elements of urban nature could improve well-being. A smartphone application was developed (McEwan, Richardson, et al., 2020) to prompt participants to share their thoughts and feelings about the environment in which they were, be it a green space or a grey space. The app also allowed participants to share photographs with the researchers and to attach a brief text description. Participants sharing thoughts about urban nature reported improvements in well-being for up to one month (McEwan et al., 2019), while qualitative analysis of the comments revealed the positive emotions elicited by urban nature (including wonder, gratitude and awe) as well as the negative emotions prompted by encountering litter and poorly managed green spaces (McEwan, Ferguson, et al., 2020). The most common positive encounters with urban nature included I) wonder at encountering wildlife in day-to-day urban settings; II) appreciation of street trees; and III) awe at colourful, expansive, dramatic skies and views.
This photographic data captured experiences of appreciation of urban nature that were directly linked with the participants’ well-being and perceptions of species richness. Therefore, these photographs can provide useful insights into which aspects of urban nature were noticed by Sheffield residents and contributed to their well-being and perceptions of species richness. In addition, some of the participants linked their well-being to the built environment, which provides a useful comparison to the benefits of noticing nature. This approach is called “visitor-employed photography” (Chenoweth, 1984) and has been used to understand perceptions of natural environments. For example, this method was used to investigate perceptions of forest management in Sweden (Heyman, 2012), the attractiveness of (perceived) species richness in a large urban park  (Qiu, Lindberg and Nielsen, 2013), or opinions towards the presence of deadwood in a forest national park in Germany (Rathmann et al., 2020). More recently, photographs taken by participants were used to gauge their perceived biodiversity during a visit to a wetland park in northwest China (Liang et al., 2023). Each participant took 8 photographs, briefly explaining the content and the reasons behind the shot. Although this allowed the researchers to compare the perceived and the actual biodiversity (which they had surveyed in terms of species richness), mental well-being was not part of the study. Alternatively, other studies have analysed large numbers of images downloaded from social media (e.g. Flickr or Twitter) to inform urban planners about green space perception and quality. For example, studies concerning the cities of Copenhagen (Guerrero et al., 2016) and Singapore (Richards, Tunçer and Tunçer, 2018) revealed that a significant percentage (respectively, 34% and 20%) of the pictures posted on social networks portrayed urban nature, highlighting the value that it may have for citizens and tourists alike.  
This study aimed to go beyond previous photographic studies which have utilised cross-sectional or social media data, by using photographs and well-being data recorded in the moment. This could have important implications for Local Authorities and urban planners who want to maximise the well-being benefits of urban green spaces and might inform planting schemes, restoration or rewilding of urban green spaces.
Summarising, this paper addressed the following research questions:
1. Does higher species richness, either actual (i.e. researcher-estimated) or perceived (i.e. participant-estimated), predict higher self-reported well-being?
2. Does higher perceived building density predict lower self-reported well-being?
3. If any, which of the photographed urban elements had a significant impact on well-being, accounting for subjective perceptions?
[bookmark: _Toc179962319]Materials and methods
[bookmark: _Hlk156549683]The data used in this analysis is publicly accessible (Richardson et al., 2020) and was downloaded from the UK Data Service repository. The dataset is completely anonymised and consent was obtained from the participants for it to be used in secondary research.
[bookmark: _Toc179962320]Summary of the Survey Data
Via the app, the participants were randomly assigned to one of the two study conditions – i.e. prompted to share something about the surrounding nature (hereafter, nature condition) or the surrounding built environment (built condition), following a ratio of 1/3 built and 2/3 nature. The participants received one prompt per day, generally when the device location corresponded to either a green space (e.g. a park) or a grey space (e.g. the city centre). Participants could also postpone the prompt to the end of the day and add to the log at will. Participants in the nature condition were invited via the app to share something about the natural features around them and to provide a rough estimate the location’s species richness by answering the question “How many types of plants/trees/animals would you guess there were?” (equivalent to a four-point Likert scale from 0 “none” to 3 “lots”). Participants in the built condition were instructed to notice share something about the built environment and to rate the environment by answering the question “How built-up was this place?” (equivalent to a four-point Likert scale from 0 “not at all” to 3 “a lot”). Both condition groups were asked to report their well-being by answering the question “How did you feel in this place?” (visual question, showing five emojis from sad to smiley, equivalent to a five-point Likert scale from 1 to 5). The unequal randomisation ratio is commonly used in clinical research (Peckham et al., 2015), in order to increase recruitment efficiency and reduce costs (Sverdlov and Ryeznik, 2019) when there is more interest in understanding the effect of a treatment and there is an a-priori expectation that the control treatment will produce little-to-no effect. The survey also collected the participants’ age and gender, the time they had spent outdoors during their childhood and the previous year (both raging from none to lots, equivalent to a five-point Likert scale) and two measures of nature connectedness, the Nature relatedness (Nisbet and Zelenski, 2013) and the Inclusion of Nature in Self (Schultz, 2002), which respectively measured trait (i.e. stable) nature connectedness and state (i.e. momentary) nature connectedness.
[bookmark: _Toc179962321]Photographic data and coding
All photographs attached to the survey responses were imported into Nvivo (ver. 2020) and visually inspected. Two researchers (SF, KM) independently classified each photograph into codes via quantitative content analysis (Neuendorf, 2017). The coding followed the content categorisation indicated by Kaplan and Kaplan (1989; pp 28-30), each category being defined by the presence of a specific object or element. As in previous studies (Qiu, Lindberg and Nielsen, 2013; Rathmann et al., 2020), content categories were initially predefined into broad groups (e.g. plants, water, animals) and then subdivided into narrower categories that emerged frequently from the photographs (e.g. “plants” included “flowers”, “trees”, “berries”). Content-rich photographs could be assigned to multiple categories; e.g., a photograph showing a blooming cherry tree would have been coded under both “trees” and “colourful flowers” codes. 
After a list of initial codes was produced by each researcher, these were discussed, all the photographs were once again analysed and coded according to the new list, although leaving open the possibility of adding new codes which could have not emerged in the previous visual inspection. Codes were used as dummy variables in statistical analysis to highlight which of the elements influenced self-reported well-being and the perceptions of species richness or building density. 
Additionally, all photographs were examined to assess the species richness shown. Although it was impossible to reach a precise species identification, the process distinguished the species based on their visual characteristics (Figure 1).  Each photo was assigned a value corresponding to its species count. Photographs showing distant objects or panoramic views were not given a species richness value (i.e. were not considered in the analysis)
[image: ] 
Figure 1. Example of the species counting process in two photographs. Left, a photo with two species. Right, a photo with eight species.
[bookmark: _Toc179962322]Statistical analysis 
The coded data was exported from Nvivo into Microsoft Excel and linked with the questionnaire data through the participants' unique ID. The data was then imported into STATA (ver. MP 16.1) for analysis. 
The relationship between self-reported well-being (the dependent variable) and species richness (both actual and perceived) was modelled via Multilevel Ordinal Logistic Regression. Briefly, this method accounts for the effect of the nested structure in the data (see below) while estimating the coefficients for each predictor. The estimated coefficients represent the effect of a 1-unit change of an independent variable on the probability (expressed in log odds) of the dependent variable being in a higher category than the reference category (Steele, 2011). In simpler terms, a positive coefficient indicates that as the independent variable increases, the dependent variable is predicted to have higher values (Leckie, Morris and Steele, 2016).
This advanced regression model was chosen for the following reasons: first, the dependent variable was categorical and ordinal, which discourages the use of linear methods (Hedeker, 2015); second, the data presented a nested structure, with individual observations (photographs) nested within participants (i.e. each participant took one or more photographs). Additionally, the variables of interest (Well-being, perceived species richness and building density) varied both at the photograph level, as each photo was taken in a different space, and at the participant level, reflecting the subjectivity of the perceptions among participants. 
Data preparation
Due to the large number of independent variables – i.e. species richness, building density, demographics and all the photo codes – a preliminary selection was made by modelling the relationship between well-being and each variable individually. Only independent variables with a p-value <0.25 from this bivariate analysis were included (Bursac et al., 2008; Stoltzfus, 2011). The variance inflation factor (VIF) was lower than 5, indicating low multicollinearity among the variables that were included in the main models. Each regression model was refined following a stepwise procedure. At each step, the independent variable with the highest p-value and largest standard error was removed from the model, until only statistically significant predictors remained. The fit of the final model was tested by comparing its Akaike information criterion (AIC) against the “null model” (no predictors), the “all-in” model (with all predictors), the single-level ordinal logistic regression and a model where perceived species richness was allowed to vary between participants (random slope).
Some variables were recoded due to ceiling effects (i.e. most of the observations being high values). The self-reported well-being was recoded in a tripartite variable (from 3 to 5), collapsing responses of values 1 to 3 together (only 3% of the photos were associated with values of 1 or 2). Similarly, the time spent outdoors during childhood was recoded as a binary variable, where 1 = “a lot of time” spent outside as a child and 0 = “less than a lot of time” spent outside. The actual species richness was recoded on a 0 to 8 scale, where 8 includes all photos with 8 species or more. Following (Peugh, 2010) guidelines for multilevel modelling, participant-level continuous predictors – i.e. “Age”, “Nature relatedness” and “Inclusion of nature in self” – were centred on their means.
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Table 1 reports descriptive statistics for the two study conditions. Both groups showed similar average scores in age, self-reported well-being, time spent outside and nature connectedness.
Table 1. Medians, Means and standard deviations of the main variables in the two study conditions.
	[bookmark: _Hlk67061697]Variables
	Built
	SD
	Nature
	SD

	n. Participants
	59
	-
	129
	-

	n. Female participants
	35
	-
	76
	-

	n. Photographs
	370
	-
	585
	-

	Minimum and maximum n. Photographs per participant
	1 - 20
	-
	1 - 19
	-

	Mean n. Photographs per participant
	6.27
	5.87
	4.6
	4.05

	Mean Age
	40.51
	14.65
	39.82
	13.7

	Median Well-being (1 to 5) 
	4 
	-
	4 
	-

	Median Perceived species richness (0 to 3)
	-
	-
	2 
	-

	Median Perceived urbanization (0 to 3)
	2 
	-
	-
	-

	Median Actual species richness (0 to 18)
	1
	-
	11
	-

	Median time spent outdoors in childhood (0 to 4)
	3
	-
	3
	-

	Median time spent outdoors the last year (0 to 4)
	3
	-
	3
	-

	Mean Nature Relatedness 6 score (at Baseline)
	2.9
	0.77
	2.95
	0.78

	Mean Inclusion of Nature in Self score (at Baseline)
	55
	22.9
	53.35
	25



[bookmark: _Toc179962325]Content analysis.
Attached to their survey responses, the participants submitted a total of 1250 photographs. About 250 photos had to be excluded due to their sensitive content (e.g. portraying people’s faces or children), due to missing data (e.g. absence of the well-being rating) or file corruption. In total, 955 photographs were included in this study. Despite the reduced numbers, the ratio of built and nature condition groups was roughly maintained (31% built, 69% nature).
The photos were coded into 33 categories via content analysis. Table 2 reports the five most frequent codes found in each condition and their frequencies. The full list of the codes is provided in the Supporting information (Table S.1). Participants in the Nature condition shared images of urban nature in the form of vegetation and water bodies. Photos in the Built condition were dominated by buildings, but images of trees and the sky were also frequent. 
Table 2. Frequency of the five most frequent codes found in each condition group
	Built condition
	Nature condition

	Code
	N (out of 370)
	Code
	N (out of 585)

	Buildings
	197
	Trees
	203

	Trees
	71
	Colourful flowers
	126

	Sky
	46
	Mixed planting
	120

	Public art
	42
	Short grass
	92

	Short grass
	38
	Water bodies
	73



Figures 2 and 3 show sample photographs coded under the most five frequent codes found in the Nature and Built conditions, respectively. 
[image: A picture containing text, tree, outdoor, different
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Figure 2. Most frequent codes found in the Nature condition. Top left: Colourful Flowers. Bottom left: Water Bodies. Centre: Short grass. Top right: Mixed planting. Bottom right: Trees.
[image: A picture containing sky, outdoor, day
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Figure 3. Most frequent codes found in the Built condition. Top left: Trees. Bottom left: Buildings. Centre: Public Art. Top right: Short Grass. Bottom right: Sky.
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Regression analysis
Associations of species richness and well-being
In the nature condition, both actual and perceived species richness showed a positive relationship with self-reported well-being (Table 3, models 1 and 2), controlling for the effect of demographic predictors. 
Table 3. Summary table of the regression models predicting Well-being in the nature condition. Model 1: demographics and actual richness; Model 2: demographics and perceived species richness; Model 3: demographics and both actual and perceived species richness. 
	
	Model 1 (N= 585)
	Model 2 (N= 585)
	Model 3 (N= 585)

	Predictor
	β (S.E)
	p-value
	β (S.E)
	p-value
	β (S.E)
	p-value

	Species richness
	0.15 (0.4)
	0.001
	-
	-
	0.045 (0.05)
	0.33

	Per. species richness
1
2
3
	
-
-
-
	
-
-
-
	
1.29 (0.6)
2.2 (0.62)
4.26 (0.64)
	
0.03
<0.001
<0.001
	
1.23 (0.6)
2.12 (0.62)
4.16 (0.65)
	
0.042
0.001
<0.001

	Gender
	-0.29 (0.26)
	0.17
	-0.23 (0.25)
	0.35
	-0.22 (0.36)
	0.37

	Age
	0.01 (0.01)
	0.37
	0.001 (0.01)
	0.87
	0.002 (0.01)
	0.78

	Childhood outdoors
2
3
4
	
-0.14 (0.5)
0.27 (0.42)
0.8 (0.45)
	
0.77
0.52
0.07
	
-0.08 (0.47)
-0.11 (0.40)
0.54 (0.43)
	
0.86
0.77
0.21
	
-0.07 (0.24)
-0.09 (0.24)
0.56 (0.24)
	
0.89
0.81
0.19

	Past year outdoors
2
3
4
	
0.08 (0.37)
0.16 (0.42)
-0.12 (0.4)
	
0.83
0.6
0.75
	
0.36 (0.37)
0.09 (0.3)
0.09 (0.39)
	
0.33
0.75
0.86
	
0.35 (0.36)
0.09 (0.30)
0.09 (0.39)
	
0.35
0.76
0.81

	Inclusion of Nature
	0.13 (0.006)
	0.04
	0.01 (0.006)
	0.09
	0.01 (0.006)
	0.1

	Nature Relatedness
	-0.15 (0.21)
	0.47
	-0.26 (0.2)
	0.19
	-0.25 (0.2)
	0.20

	Residual ICC
	0.11 (0.44)
	0.062 (0.041)
	0.061 (0.041)

	AIC
	1158.2
	1014.2
	1015.2



Figure 4 shows that as the actual number of species increased so did the probability of reporting high well-being. The same was true for the perceived species richness (Figure 4). However, the model with perceived species richness showed a better fit of the data – i.e. a lower AIC – and explained more variance – i.e. lower residual ICC. When modelled together, only the perceived species richness remained a significant predictor of well-being (Table 3, model 3). Therefore, perceived species richness was more strongly associated with well-being than actual species richness.
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Figure 4. Probabilities of reporting low, medium and high well-being predicted by actual species richness.
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Figure 5. Probabilities of reporting low, medium and high well-being predicted by perceived species richness.
Perceived building density and well-being
In the built condition, the perceived level of building density was negatively associated with well-being (Table 4). As shown in Figure 6, as the perceived building density grew, the probability of reporting high well-being was reduced. As noted above, some of the photos of the built environment included species richness. The species richness found in these pictures showed a positive relationship with well-being (Table 4, model 5). Both perceived building density and actual species richness remained significant predictors of well-being when modelled together (model 6).
Table 4. Summary table of the regression models predicting Well-being in the built condition. Model 4: demographics and perceived building density; Model 5: demographics and actual species richness; Model 6: demographics and both species richness and building density.
	
	Model 4 (N= 370)
	Model 5 (N= 370)
	Model 6 (N= 370)

	Predictor
	β (S.E)
	p-value
	β (S.E)
	p-value
	β (S.E)
	p-value

	Per. building density
1
2
3
	
-1.71 (0.73)
-2.19 (0.66)
-2.46 (0.69)
	
0.018
<0.001
<0.001
	
-
-
-
	
-
-
-
	
-1.68 (0.73)
-2.12 (0.66)
-2.13 (0.7)
	
0.02
0.001
0.002

	Species number
	-
	-
	0.12 (0.05)
	0.008
	0.1 (0.05)
	0.03

	Age
	-0.01 (0.01)
	0.37
	-0.01 (0.01)
	0.42
	-0.01 (0.01)
	0.3

	Childhood outdoors
2
3
4
	
-1.44 (0.99)
-0.003 (0.89)
0.35 (0.91)
	
0.15
0.99
0.7
	
-1.4 (0.9)
-0.05 (0.8)
0.03 (0.8)
	
0.12
0.95
0.71
	
-1.4 (0.97)
-0.03 (0.87)
0.35 (0.88)
	
0.13
0.97
0.69

	Past year outdoors
2
3
4
	
-0.09 (0.53)
0.49 (0.47)
0.68 (0.60)
	
0.87
0.30
0.26
	
-0.01 (0.47)
0.54 (0.43) 
0.74 (0.55)
	
0.97
0.21
0.18
	
-0.12 (0.52)
0.51 (0.46)
0.66 (0.6)
	
0.81
0.27
0.27

	Inclusion of Nature
	0.006 (0.01)
	0.5
	0.01 (0.01)
	0.26
	0.01 (0.01)
	0.44

	Nature Relatedness
	-0.2 (0.28)
	0.47
	-0.28 (0.26)
	0.27
	-0.24 (0.27)
	0.37

	Residual ICC
	0.15 (0.62)
	0.11 (0.05)
	0.14 (0.04)

	AIC
	741.4
	745.8
	738.93
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Figure 6. Probabilities of reporting low, medium and high well-being predicted by perceived building density.
Urban elements and well-being
Table 5 reports the elements from the nature condition (model 7) and the built condition (model 8) which significantly predicted well-being. Both models controlled for the participants’ perceptions of species richness and building density, respectively.
Table 5. Summary table of the regression models predicting Well-being. Model 7: urban nature, controlling for perceived species richness; Model 8: built environment, controlling for perceived building density.
	
	Model 7 (N= 585)
	Model 8 (N= 370)

	Predictor
	β (S.E)
	p-value
	β (S.E)
	p-value

	Per. species richness
1
2
3
	
1.37 (0.61)
2.37 (0.63)
4.51 (0.65)
	
0.025
<0.000
<0.000
	
-
-
-
	
-
-
-

	Domestic garden
	1.35 (0.53)
	0.011
	-
	-

	Trees
	-0.51 (0,20)
	0.010
	-
	-

	Per. building density
1
2
3
	
-
-
-
	
-
-
-
	
-1.79 0.74)
-2.37 (0.67) 
-2.45 (0.70)
	
0.016
<0.000
0.001

	Buildings
	-
	-
	-0.56 (0.24)
	0.017

	Hedges
	-
	-
	-1.33 (0.58)
	0.023

	View from window
	-
	-
	-1.86 (0.68)
	0.006

	Water bodies
	-
	-
	1.20 (0.48)
	0.012

	Residual ICC
	0.099 (0.43)
	0.197 (0.67)

	AIC
	988.8
	720.5



In the nature condition, only the presence of trees and domestic gardens remained significant while controlling for the effect of perceived species richness. Reporting high well-being was less probable if the photo contained trees (Figure 7, left) and more probable if the picture showed a domestic garden (Figure 7, right). 
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Figure 7. Probabilities of reporting low, medium and high well-being predicted by presence of trees (left) and domestic gardens (right).
In the built condition, three elements showed a negative relationship with well-being. The presence of buildings or hedges was associated with a reduced probability of reporting high well-being (Figure 7).
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Figure 8. Probabilities of reporting low, medium and high well-being predicted by presence of buildings (left) and hedges (right)
If a photo featured a vista from an indoor space (e.g.) a balcony, the probability of reporting high well-being was greatly reduced (Figure 9, left). The only positive predictor for the built condition was the presence of water bodies (e.g. rivers, ponds), which increased the probability of reporting high well-being (Figure 9, right).
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Figure 9. Probabilities of reporting low, medium and high well-being predicted by pictures taken from indoors (left) and water bodies (right).
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The perceived species richness was the strongest predictor of self-reported well-being. The regression analysis showed that as the perceived species richness increased so did the probability that the participant reported the maximum well-being. The photo’s species richness was also positively associated with well-being, but only when not controlling for the perceived species richness. This finding is in line with previous studies that observed that the perceived restorativeness increased along with perceived species richness, irrespective of the actual species richness (Dallimer et al., 2012; Gonçalves et al., 2021). In their analysis of parks in Lisbon, Gonçalves et al. (2021) also highlighted that the perceptions of species richness were only partially determined by the actual species richness measures. In Canada, high life satisfaction was related to high bird diversity, but the diversity and abundance of birds were seldom acknowledged by residents (Hepburn et al., 2021). This led the researchers to speculate that the relationship between biodiversity and well-being could be unconscious. 
However, in this study, it is difficult to say how the photo’s species richness relates to the participants’ perceived species richness, since the scale used to measure the perceived number of species was not associated with numerical categories. Indeed, it does not seem possible to understand how each participant interpreted the categories presented by the app. Looking at a crosstabulation of the frequencies of the perceived species richness and the species count (Chapter 4 Supporting Information, Table S.5), the perceptions and the species count do not seem well-matched. For instance, out of the 186 photographs reportedly taken in spaces with “Lots” of species, only five showed more than 10 species. Again, these discrepancies between actual and perceived species richness could be semantic (Gyllin and Grahn, 2005), as the participant had to broadly categorise the species richness – e.g. estimating if there were “a lot of species” or less. Another possible explanation is that the researchers could only count the species shown in the photos, while many other species could have been observed by the participant. Although difficult to confirm, this result contrasts with another Sheffield-based study (Cameron et al., 2020) which found that actual and perceived bird diversity correlated well with each other and with well-being. However, cases of overestimation of species richness by the public have been found in other studies (Lindemann-Matthies and Bose, 2008; Dallimer et al., 2012; Assaf Shwartz et al., 2014).
On a side note, perceptions of species richness were a stronger predictor of well-being even when compared to other demographic characteristics. Overall, there was little difference in well-being due to age, gender or nature connectedness. The same applies to the effect of the time spent outdoors, both during childhood and in the past year, which remained not significant. This is surprising, since Childhood experiences have been suggested to shape adult perceptions and connection with nature (Schultz, 2002), which in turn could elicit more well-being in response to urban nature (Nisbet, Zelenski and Murphy, 2011).
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The perceptions of building density showed a negative effect on well-being. As the level of built-up increased, the probability of reporting the highest level of well-being decreased. However, a closer look at the probability chart (Figure 6), shows that the probability of reporting average or higher well-being was high even when the environment was perceived as very built-up. This suggests that the built environment, or views of it, may not increase well-being but neither seem to be too detrimental. This aligns with Staats et al. (2016) who found that the perceived restorativeness of built environments relied upon factors, such as company and level of activity (e.g. traffic), other than the presence of green. It is possible, however, that by its nature, the original study attracted more participants who may have preferred green spaces to built spaces. However, their average nature connectedness (Table 1) seems to contrast with this speculation.
Interestingly, even if participants in the built condition were expected to focus on artificial elements found in built environments, over half of the photos contained some species or natural elements. The photos’ species count showed a positive relationship with well-being even when controlling for demographics and perceived building density. This seems to confirm that urban species richness may have a positive influence on well-being, as discussed above.
[bookmark: _Toc179962330]Urban elements and well-being
Although all the photos represented the same urban context (the city of Sheffield), the two groups of participants (i.e. built vs nature) noticed different things. Those in the built condition shared photographs characterised primarily by buildings and trees but also looked at the sky, the lawns, and street art like murals and statues. Three out of five of the most shared elements in the Built condition were nature-related – i.e. the trees, the lawns and the sky. This suggests that, even without any prompts about noticing nature, participants in the built condition frequently associated the “urban environment” with natural features. This is not surprising, considering Sheffield’s reputation of being a green city with millions of trees (Heydon, 2020). The participants in the Nature condition, those prompted to share something about “urban nature”, uploaded pictures dominated by vegetation, including trees and colourful flowers. Summarising, these results suggest that participants responded well to both prompts, actively engaging in noticing the elements the city had to offer.
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Figure 9, Sample photos from the Nature condition. Left: Low perceived species richness and low self-reported well-being. Right: High perceived species richness and high self-reported well-being
However, according to the regression models, the main predictors of well-being were the perceptions of species richness or building density. Of the 33 codes that emerged from the content analysis, only six showed a statistically significant association with well-being. Four of these can be grouped as elements of urban nature (trees, water bodies, private gardens and hedges) while the other two (buildings and views from the window) represent the built environment. Surprisingly, not all of these urban elements were among the most photographed, suggesting that their presence may elicit acute improvements/reductions in well-being. It is worth discussing each one briefly.
Starting with the codes that were relevant in the nature condition, photos with domestic gardens (N = 21) were associated with increased well-being. While gardens are designed spaces, sometimes intensely managed, they may represent a private piece of nature in the minds of the participants. Domestic gardens in Sheffield have been shown to provide significant support for biodiversity in terms of habitat (Gaston et al., 2005), due to the presence of ponds, bird boxes and tall trees. Domestic gardens have been related to self-reported health (Brindley, Jorgensen and Maheswaran, 2018); in particular, the size of the garden was positively associated with health. Large-scale studies from the UK (De Bell et al., 2020; Chalmin-Pui et al., 2021) also supported the notion that having a garden and spending time gardening were associated with increased well-being and physical health, as well as reduced stress.
Surprisingly, the analysis showed that photos with trees were associated with decreased well-being. However, as previously argued for the perceptions of building density, the combined probability of reporting an average level of well-being or above (about 80%, see Figure 6), again suggests that the effect of trees may not be as detrimental as it seems. The relationships between homeowners and residential trees can be complex and varied. For example, a US-based survey found that homeowners preferred fewer and smaller trees, possibly fruiting trees, around their houses (Dilley and Wolf, 2013). A survey from Mexico found instead that homeowners preferred a higher density planting of taller, evergreen trees near their houses, provided these were not species prone to fall and cause damage (Camacho-Cervantes et al., 2014). Another example, from the UK (Jorgensen, Hitchmough and Dunnett, 2007), found out that residents of Warrington (Cheshire) were both grateful and concerned about the nearby woodland, as it was felt to improve the appearance of the street but also to pose a risk for personal security. Since the presence of trees is known to elicit both positive and negative responses, the code “Trees” was further refined into subcategories (e.g. trees in a garden, street trees, trees in a larger landscape), but this did not provide additional insights (except that most of the trees in the dataset were street or park trees). Tree density, which is known to have a positive effect on well-being (e.g. Jiang et al., 2016), was also estimated in each photograph (from 0 = no trees visible to 3 = 20 or more trees visible) but was non-significant. In contrast with these results from the regression analysis, trees have been generally cited as positive for mental well-being (e.g. Wolf et al., 2020). Among the benefits associated with trees, better cognitive functioning (e.g. Shin et al., 2011) and better coping with stress (e.g. Kühn et al., 2017) were found in experimental studies, although these involved forests rather than street trees. Moreover, the absence of a clear positive relationship is in contrast with the analysis of the nature condition comments (McEwan, Ferguson, et al., 2020), in which “gratitude for street trees” was one of the main themes. 
In the built condition, the only element positively associated with well-being was the presence of water bodies. Blue spaces are known to be restorative (White et al., 2010), and sometimes even more effective than green spaces in promoting well-being (Nutsford et al., 2016).  Five rivers flow through Sheffield, including in the city centre, so it is not surprising that water bodies have been considered among the elements of the built environment.
The remaining three codes, the presence of buildings or hedges, and photographs that were taken indoors looking outwards from a window, all showed a significant negative effect on participants' well-being. Since buildings constitute the landscape of the “built” environment, they appear in most of the photographs. As in the case of perceived building density, and presence on trees, buildings could have been considered as background and did not prompt a positive well-being reaction. 
It is challenging to explain why the presence of hedges was negatively associated with well-being. Daniels et al. (2018), found that natural-looking hedges were appreciated and desired more than traditional hedges (i.e. low-density, geometrically trimmed etc). Since most of the hedges in the photographs fall in the formal category, this could explain, in part, the negative effect on well-being. Photographs taken from the inside of a window showed the most negative association with well-being. While research has shown that gazing through the window can improve well-being (Ulrich, 1984; Elsadek, Liu and Xie, 2020), if the view is pleasant and green, most of the photographs showed grey vistas, mostly cityscapes under a gloomy sky. A laboratory-based stress recovery experiment found that participants recovered differently when looking at images of cityscape, depending on how much particulate matter was limiting the visibility; the higher the pollution the lower the recovery (Yang et al., 2021). However, reactions towards images of the same city under cloudy or foggy conditions were not tested.
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Several limitations must be acknowledged. First, the data was collected in 2017-2018 and, while being recent, it does not cover the COVID-19 pandemic, limiting the generalisation of the findings to the present. Second, although regression analysis was robust, the evidence presented here is primarily associative, limiting the understanding of cause-effect mechanisms. From the data, it was only possible to speculate whether the presence of higher species richness or one of the urban elements produced a positive change in the reported well-being. However, other studies from the IWUN project highlighted that well-being improved for those participants who noticed urban nature actively (McEwan et al., 2019).
Concerning the urban elements associated with well-being, it is possible that such content was not the focus of the participant who shared the photograph (e.g. most urban pictures would show buildings in the background). Although the analysis linked several codes to well-being, it remains uncertain whether these could be considered real drivers of well-being. Several urban elements were present in limited numbers in the photos, which reduced their statistical power.
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This study synthesised the relationship between urban nature and well-being by looking at species richness and at the urban elements identified by the participants. The association between perceived species richness and well-being was particularly strong, while well-being was only marginally related to actual species richness. However, it is important to recall that when species richness was noticed by participants in the built condition (i.e. in urbanised settings), there was evidence of a positive effect on well-being. Urban planners, landscape managers and policymakers should carefully consider the role of biodiversity in their decisions as its relationship with well-being seems profound. Decision-makers should also be aware that the species richness/well-being relationship may be unconscious. Spaces without species were associated with the worst well-being while there was no indication that highly biodiverse spaces could be detrimental. Therefore, even if the average citizen would probably not notice the difference, urban species richness could be enhanced so that it provides both well-being and other ecosystem services (e.g. heat regulation). Finally, the analysis also suggested that the presence of domestic gardens and water bodies could be associated with improved well-being. These two elements of urban life may provide important opportunities to connect with nature and tend to be rich in species. Again, decision-makers could encourage the creation and retention of gardens and waterscapes, which seem capable of providing both well-being and habitat for biodiversity.
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Green spaces can support human stress reduction and foster positive emotional well-being. Previous research has suggested that biodiversity (i.e. the variety of species of plants and animals in a given location) can enhance recovery from stress even further. However, there is limited experimental evidence testing this hypothesis and results, to date, have been mixed. This study aimed to provide further understanding of the role of biodiversity (actual or perceived) on human well-being by experimentally manipulating species richness and stress. Participants (372 in total) took part in an online experiment, where they received an episode of mild stress before watching a 360-degree video to recover. The video showed the same location, an urban woodland, but at one of four artificially manipulated levels of biodiversity. The participants reported their Positive and Negative Affect before and after the stress induction and after watching the video, providing a measure of their stress and well-being throughout the experiment. Participants also reported their perceptions of biodiversity (i.e. how diverse they thought the location was) and elaborated on their responses with brief comments. Repeated Measure Analysis of Variance revealed that exposure to all levels of biodiversity reduced the participants’ Negative Affect, but with no significant difference between the conditions. However, the analysis showed higher Positive Affect in those participants who perceived the environment as more biodiverse. Comments from participants indicated that those who reported noticing flowers and trees in the environment also showed higher Positive Affect. This suggests that perceiving biodiversity promotes more positive emotions, but critically one needs to actually notice (engage with) the components of biodiversity to elicit these extra benefits.
[bookmark: _Toc179962336][bookmark: _Hlk127438913]Introduction 
Urban green space has been cited as providing some degree of protection against poor mental health [1–3] and providing recovery opportunities for individuals suffering from mental health problems [4–7]. Several theories have proposed explanatory mechanisms behind these benefits, which rely on the content or on the quality of green space. The Attention Restoration theory [8] postulates that space must provide engaging but low-effort stimuli (soft fascination) to be restorative. The Stress Reduction theory [9] suggests that spaces with unthreatening nature and moderate complexity reduce stress most effectively. The Biophilia hypothesis [10] indicates human well-being is enhanced by interacting with other species. More recently, research work addressed some of the physical aspects associated with green space such as phytoncides [11] and beneficial microbial communities which affect the human immune system and mood regulation [12,13]. 
It has been argued that biodiversity (i.e. the diversity of species of plants and animals in a given location) is an attribute of the landscape [14] and one of the distinctive qualities of urban greenspaces [15]. Biodiversity can be quantified with objective measurements (i.e. actual biodiversity) but also estimated subjectively (perceived biodiversity), based on the number of species an observer thinks could be in the location [16]. According to the theories referenced above, a green space that is (or is perceived to be) richer in species should provide more opportunities to encounter wildlife and promote soft fascination (Attention restoration), and interactions with unthreatening nature (Stress reduction).
Indeed, a number of papers suggest that increased bird [15,17–19], invertebrate [15] and/or plant diversity [15,17,18,20] increases the health-promoting potential of the landscape. Biodiversity in green space has been linked to both reduced stress [21–23] and enhanced Positive Affect [18,19]. 
However, Lovell et al. [24] and Marselle et al. [25] state that the links between biodiversity and health are often correlational, and recommend more experiments to better explore cause and effect. Botzat et al. [26] also argued that, in urban green spaces, biodiversity was more frequently studied at the ecosystem and habitat level than at the species level. A recent review [27] noted that only six studies (out of the 52 reviewed) were set up to specifically explore the influence of species richness on human health. Two studies were natural experiments, using locations at different levels of biodiversity. Hussain et al. [28], measured self-reported well-being, blood pressure and heart rate before and after exposing participants to six mountain meadows. Participants reported higher well-being after visiting meadows with high plant biodiversity, while blood pressure and heart rate did not differ. Simkin et al. [29] tested the effect of visiting forests on Attention Restoration, Vitality and Positive/Negative Affect. The participants visited four forests which were all dominated by spruces (Picea abies), but differed in terms of maturity (old vs young) and location (urban vs rural). The results showed that rural mature forests (i.e. more biodiverse) induced higher Attention Restoration, Vitality and Positive Affect than young or urban forests. Four experiments manipulated species richness directly. Wolf et al. [18] showed videos comparing tree (1 vs 4 species) and bird (1 vs 5 species) species richness and found that videos with more species reduced anxiety and increased Positive Affect and Vitality. In contrast with Hussain et al. [28], the creation of urban meadows at three levels of species richness (low, medium and high) elicited non-significant differences in self-reported physical health and mental well-being, compared with mown grass [30].
The remaining two experiments linked increased biodiversity levels to better stress recovery. Placing stressed individuals in front of one out of five arrangements of potted plants (with 0, 1, 16, 32 and 64 plant species respectively), showed optimal stress recovery (regulation of blood pressure) with the 32 species treatment [22]. Schebella et al. [31] also indicated that some, but not necessarily high biodiversity, reduced stress. They used 360-degree videos to both stress their participants and expose them to parks at different levels of species richness. Applying a multisensory approach, species richness was controlled via visual (2, 4, 7 vegetation layers), audio (birdsong from more or fewer species) and olfactory stimuli (1 to 3 smells from grasses species). Results showed that the low biodiversity scenario (2 vegetation layers, 1 bird, 1 smell) lowered anxiety and heart rate, compared against an urban control (i.e. little biodiversity) but also the treatments representing greater biodiversity. 
Another strand of studies has found that improved psychological well-being was more associated with people’s perceptions of biodiversity, rather than with the actual species richness [32]. Using measures of both the actual and perceived richness of trees, butterflies and birds in twelve urban parks in Lisbon, Gonçalves et al. [33] found that perceived species richness explained more of the variance of well-being (Attention Restoration) than actual species richness. Similarly, students perceiving higher animal species richness in the parks of Singapore reported higher attention restoration and Positive Affect [23].
Perceptions of biodiversity are experienced through the senses [26] and several factors may influence these perceptions. These include visual clues such as planting height [30], diversity of flower colours [34] and broadleaf shapes [33]; auditory clues such as birdsong and sounds from water [35,36]; and olfactory clues such as smells of understory plants and fungi [37]. Perceptions of biodiversity, however, have at times been reported to be closely aligned with recorded data sets [30,31,38], at other times overestimated [39] or poorly correlated with actual biodiversity [32,40]. This may be due to difficulties in conceptualising biodiversity outside the expertise of ecologists [41]. 
Overall, these studies provide evidence of a positive link between species richness (actual or perceived) and some health indicators. Although limited by the number of studies, the experimental evidence suggested this relationship could be non-linear (i.e. a moderate level of diversity is more beneficial than too high or too low). However, since many studies have compared the effects of species richness present in different locations (e.g. different parks), the specific contribution of species richness to health and well-being remains unclear. Although different locations or settings allow for an easier (possibly more realistic) comparison of species richness, it has been argued that as the location changes, so do other characteristics, such as landscape size, heterogeneity, naturalness, management and other factors that influence landscape quality, e.g. the presence of water [19,31]. 
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The study presented here aimed to provide further understanding of the role of biological diversity on human well-being by manipulating species richness and stress while controlling for the effect of the location. Similarly to Lindemann-Matthies and Matthies [22] one single locational setting (a woodland) was manipulated to increase the level of plant species richness by incorporating additional plants. Digital video recordings (360-degree) of each scenario (condition) were then taken for participants to view at a later date. 
Videos were used because exposure to the natural environment can be simulated through visual and audio media and elicit positive health responses [42–46]. Interactive, 360-degree videos are emerging as a novel method to expose participants to green spaces [47,48] and allow viewers to rotate the camera in any direction and explore the location. Such videos can mimic in-situ interactions, with participants who watched 360-degree videos of monuments [49] or scenic lakes [50] reporting similar spatial presence and emotional reactions to those who actually visited these sites. Understandably, however, direct exposure to the natural environment generates a stronger affective response, compared to any video-mediated exposure [51,52].
The use of videos to record the location, but with and without additional plants or bird songs, meant that all other landscape factors were consistent across all video treatments, i.e. the only factors that varied were the ones we artificially manipulated. This allowed us to test the following hypothesis:
· Increased plant diversity corresponds to improved Positive Affect and reduced Negative Affect after a stressful event.
· Increased bird diversity corresponds to improved Positive Affect and reduced Negative Affect after a stress event.
Finally, given that perceptions of biodiversity could be more important than actual species richness in producing well-being, we measured perceived biodiversity to test if:
· Higher perceived biodiversity corresponded to improved Positive Affect and reduced Negative Affect after a stress event.
[bookmark: _Toc179962338]Methodology
[bookmark: _Toc179962339]Condition set up and video recording
Plant biodiversity was manipulated by creating four different conditions for the one woodland location in Sheffield (UK). The site is managed as an urban conservation zone and is approximately 200 x 150 m in size. Access to the site was granted by the Estates and Facilities Management of the University of Sheffield. A botanical survey in May 2021 found 36 vascular plant species in the woodland, including non-native species (S1 Appendix). A camera was set up on a southeast sloping site in the northwest sector of the woodland, and only recorded natural features (e.g. the presence of vehicles, houses etc. were excluded). The camera lenses were placed at 1.3 meters from the ground, simulating an average eye level for a sitting person.  
Condition 1 acted as a control and was filmed without introducing any additional plants. For condition 2 (low plant diversity), 60 individual plants of 4 taxa were introduced to the woodland within view of the camera (Table 1). These plants were then removed and for conditions 3 and 4 (high plant diversity) replaced by 60 other individuals representing 23 taxa (Table 1). Small-flowered (i.e. non-flamboyant) varieties were used to represent typical woodland plant types. The plants were placed alongside existing natural herbaceous vegetation, avoiding excessive shade, pathways or where there might be a strong contrast between the flowers' colours (Fig 1) in an attempt to maintain an illusion of naturalness. 



Table 1. Plant taxa, main flower colour and number of specimens used in conditions 2, 3 and 4.
	Species/cultivar
	Flower colour
	Condition 2
Low plant Diversity

(no. of specimens)
	Conditions 3 and 4 High plant Diversity

(no. of specimens)

	Anchusa capensis cv. Blue Angel
	blue 
	
	2

	Achillea cv. Moonshine
	yellow
	
	2

	Bidens ferulifolia cv. Blazing Glory
	orange
	
	3

	Brachyscome multifidi 
	pink
	
	3

	Diascia cv. Diamond Fuchsia
	pink
	12
	6

	Lavandula angustifolia 
	lilac
	
	2

	Lobelia cardinalis cv. Queen Victoria
	red
	
	2

	Lysimachia nummularia
	yellow
	
	2

	Nemesia cv. Berries and Cream
	purple
	
	3

	Nemesia cv. Framboise
	lilac pink 
	
	3

	Osteospermum cv. Akila Purple 
	purple
	
	2

	Osteospermum cv. Akila Yellow Shades
	yellow
	
	2

	Petunia cv. Frenzy Yellow
	pale yellow
	
	3

	Phlox cv. Dwarf Beauty Blue
	blue
	24
	3

	Phlox cv. Dwarf Beauty Scarlet
	red
	
	5

	Phlox cv. Dwarf Beauty White 
	white
	18
	3

	Salvia nemorosa cv. Caradonna
	blue
	
	2

	Sanvitalia cv. Aztec Gold Hussare Knob
	yellow
	6
	3

	Tradescantia cv. Blue ‘n’ Gold
	blue
	
	1

	Verbena cv. Showboat Dark Red
	red
	
	2

	Verbena cv. Showboat Midnight
	deep purple
	
	2

	Verbena cv. Showboat Pink
	pink
	
	2

	Verbena cv. Showboat White
	white
	
	2
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Fig 1. Photograph of the filming site taken under control conditions (left) and after adding 21 species of plants (right)
In conditions 1-3, the audio from the footage was replaced with the sound of a gentle breeze (Table 2). This provided a credible background sound for a woodland while controlling for the effects of plant (visual) and bird (auditory) diversity. Condition 4 was produced with the footage of condition 3 and audio recorded in the same location but on a different day. This featured birdsong from 6 species (S1 Appendix) and water sounds from a nearby stream (Table 2). The sound was recorded with a Zoom H1 (Zoom Corporation, Tokyo, Japan), set to record at a sampling frequency of 48kHz at 16 bits. All footage was captured with the camera Insta360 OneX (Arashi Vision Inc., Shenzhen, China), at 5.6k resolution and 30 frames per second and leaving the rest of the settings on auto. Adding sounds to all videos was a necessary step to simulate the woodland on screen. Participants can experience “restlessness” and feel “cut off” from the experience of nature when watching a slideshow of a woodland with no sounds [53]. 
Table 2. Experimental conditions
	Condition
	No. of species added
	No. of individual plants added
	Sounds

	1 - Control
	0
	0
	Gentle breeze

	2 - Low plant diversity
	4 plants
	60
	Gentle breeze

	3 - High plant diversity
	21 plants
	60
	Gentle breeze

	4 - High plant diversity and a diverse natural soundtrack 
	21 plants, 8 Bird songs
	60
	Birdsong and water



[bookmark: _Toc179962340]Participants' recruitment and ethics statement
[bookmark: _heading=h.gjdgxs]Participants were recruited through social networks (Facebook and Twitter), via a University of Sheffield Volunteer mailing list (including staff and students), and on two survey exchange platforms (Surveyswap.com and Survecircle.com). Data collection took place from July 2021 to December 2021. No incentives or rewards were offered for participating. After being informed about the study procedure, all participants provided anonymous written consent by completing the consent form. None of the authors had access to information that could identify individual participants during or after data collection. The study and the procedure were reviewed and approved by the Department of Landscape Architecture Ethics Committee (Approval Ref. 039698).
[bookmark: _Toc179962341]Experimental procedure 
Online participants were asked for demographic information at the start and for their affective states (emotions) before and after 2 interventions – the first being a stress induction (a loud noise) and the second a video designed to provide a degree of relaxation and calm (Fig 2). Participants were randomly assigned to one of the 4 videos representing the 4 different conditions outlined above.
[image: ]
Fig 2. Experimental procedure with affective states being measured at three discrete points, i.e. before a stressor, after a stressor and after a video of green space.

In stage 1, the participants provided their demographics and their baseline affective states; the affective questionnaire’s items (see Measures, below) were always presented in random order.  Stage 2 began immediately after completing the affective questionnaire. Upon loading the next survey section, the sound of a fire alarm (a stressor) was played for 15 seconds. As required by the ethics review, participants were pre-warned that they would be listening to an intrusive, annoying noise. Participants were then asked again to rate their affective states after experiencing the stressor. In Stage 3, participants were randomly assigned one of the four videos to watch. In-video instructions reminded them to activate the full-screen and how to move the camera around. A timer-controlled button prevented the participants from skipping ahead, allowing them to proceed only after 330 seconds had passed. After the video, the participants rated their affective states one last time and were asked for their perceptions and comments. 
[bookmark: _Toc179962342]Measures
The affective states were measured via the International Short Form of the Positive and Negative Affect Schedule (I-PANAS-SF, Thompson, 2007). This questionnaire has ten items, five measuring Positive Affect states and five Negative Affect states; the items are rated on a 5-point Likert scale, indicating how much the participant is feeling an emotion from “not at all” to “extremely”. The two main dependent variables, the Negative Affect (NA) and the Positive Affect (PA), were computed by summing the scores from the I-PANAS-SF scales, producing two semi-continuous variables ranging from 5 to 25. The internal reliability, measured as Cronbach alpha, was good for both scales (Cronbach α > 0.8). The I-PANAS-SF was chosen as it has a short completion time, is validated for non-native English speakers and has good reliability for representing genuine emotions [54]. Affective states, which include emotions, stress responses and mood, are important indicators of mental health [55]. Short-term affective responses have been linked to longer-term mental health indicators, such as life satisfaction and depression [56,57], thus making the I-PANAS-SF a useful proxy for determining potential health outcomes related to nature-based interactions.
Perceptions of biodiversity were measured at the end of stage 3 (i.e. after watching the video). The participants were asked to rate the location shown in the video in terms of “value for plants and wildlife” [58,59]. The rating ranged from “very bad” (1) to “very good” (5). Those who rated the environment as “good” or “very good” were also asked to share what they noticed in the video that corresponded to this response (open question). This provided a proxy of their perceptions of biodiversity without mentioning the word directly, reducing the risk of biased responses.
Participants were asked to provide their demographic characteristics (Gender, Age, Ethnicity), to verify the balance of the randomisation (i.e. all condition groups should have similar demographics). To check for the novelty effect participants were also asked if they had ever watched a 360-degree video before.
Along with their demographics, participants were asked to rate their Nature Connectedness via the Inclusion of Nature in Self scale (1-7 scale) [60] and to recall the amount of time they spent outdoors during their childhood, ranging from “none” (1) to “a lot” (4). Nature Connectedness, one’s extent of affective affiliation with nature [61], has been shown to act as a moderator of the well-being benefits derived from being in nature [62].  
[bookmark: _Toc179962343]Statistical Analysis
[bookmark: _heading=h.30j0zll]All analyses were carried out on SPSS (version 26) for Windows. Metadata (completion time, IP location) were used to check the quality of the data. Responses meeting one or more of the following criteria were excluded: 1) Incomplete response; 2) Overtime completion (over 30 minutes); 3) Invalidating comments (e.g. the participant admitted clicking through the procedure); 4) Multiple submissions (same IP and demographics). Only the first valid observation was kept; 5) All I-PANAS-SF ratings, at all stages, were the same number (e.g. all 1)
One-way analysis of variance (ANOVA) was used to compare the condition groups in terms of the demographics, at baseline. Changes in Negative Affect (NA) and Positive Affect (PA) over the three stages of the experiment and between the condition groups were examined via repeated measure analysis of variance (RM-ANOVA). Since the procedure was identical for all participants except for the video, the RM-ANOVA model included an interaction term between the stage of the procedure and the between-subjects variable. Where the RM-ANOVA assumption of sphericity was violated, probability (P) values were calculated with the Huynh-Feldt correction [63]. Where post-hoc comparisons were performed, the Bonferroni correction for multiple comparisons was applied.
Video condition was selected as the main independent variable (between groups). Separately, the perceived biodiversity of the site, the participants’ Nature connectedness and time spent outside during childhood were also used as independent variables. 
To identify the effect of individual elements of nature on the affective states, comments from participants who had evaluated the environment as “good” or “very good” were analysed via Content Analysis [64], generating a list of codes (S1 Appendix). All codes were used as dummy variables (between groups) in a series of exploratory RM-ANOVA analyses.
To ensure statistical validity, the required sample size was estimated a priori using power analysis on G*Power (version 3.1.9.7; [65]). The estimated sample size was N=324, considering the analysis design (repeated measures), a significance level of α = 0.05 and 80% power and expecting small effect sizes (Cohen’s d = 0.15; [66]). This expectation was informed by previous meta-analyses, which reported moderate to small effect sizes on the affective states [52] and smaller effects when the nature exposure was mediated by video [51] compared to a real nature location.
[bookmark: _Toc179962344]Results 
[bookmark: _Toc179962345]Descriptive data
There were 602 responses to the survey, 414 of which were complete (68% completion rate). After excluding those responses that did not meet the required criteria (see above), 372 responses were analysed.
Females comprised 63% of respondents and the age distribution was skewed towards groups aged 18-24 (43%) and 25-34 (34%). The ethnicity was predominantly White (66%) followed by Asian (19%) and Mixed (8.3%).  Black and other ethnic groups collectively represented 6% of the sample. Two-thirds of the participants (69.7%) declared to have watched a 360-degree video before. Most of the participants took the survey on a laptop (64.4%) or a desktop (23.4%), as recommended, while fewer used a phone (10.8%) or a tablet (1.3%). 
In terms of engagement with nature and outdoor space, 47.8% of the participants recalled having spent ‘a lot of time outdoors’ in their childhood while 41.7% recalled having spent ‘a moderate amount of time’ outdoors.
The mean value for the Inclusion of Nature in Self was 4.05 (SD = 1.64), however, most of the responses fell on scores of ‘5’ (27%) or ‘2’ (19%), suggesting some polarisation around those who considered nature as an important part of their lives, and those who felt more removed from nature.
Across all treatments, the perceived value of the environment for plants and wildlife (hereafter referred to as “perceived biodiversity”) was rated “good” by 53% of participants, followed by “very good” (23.4%), “neither good nor bad” (18.5%) and “bad” or “very bad” (5% collectively). To ensure statistical balance, the three lower categories were grouped together in subsequent analysis (“i.e. bad or neutral). On average, the completion time of the procedure was 13 minutes. 
[bookmark: _Toc179962346]Affective responses to the biodiversity in the videos
All video conditions reduced Negative Affect (NA). Negative affect scores varied significantly with time (i.e. stages; p < 0.005; Table 3), but not due to condition (p = 0.31). For all conditions, NA scores increased significantly after the stressor but decreased significantly after watching (any of) the videos (Fig 3, left). Increasing the amount of biodiversity or natural sounds in the videos had no significant effect on reducing negative scores. 



Table 3. Summary of the RM-ANOVA models showing the effect of several predictors on the affective scores.
	Dependent variable
	Analysis component
	F
	p-value
	Partial eta squared

	Effect of the video’s biodiversity

	Negative Affect
	Within -subjects
	141.6
	< 0.005
	0.28

	
	Between Subjects
	1.2
	0.31
	0.01

	
	Interaction
	1.02
	0.41
	0.008

	Positive Affect
	Within-subjects
	3.94
	0.02
	0.01

	
	Between Subjects
	0.18
	0.91
	0.001

	
	Interaction
	1.18
	0.31
	0.01

	Effect of the perceived level of biodiversity

	Negative Affect
	Within-subjects
	114.7
	< 0.005
	0.24

	
	Between Subjects
	3.43
	0.03
	0.02

	
	Interaction
	1.24
	0.29
	0.007

	Positive Affect
	Within-subjects
	3.13
	0.04
	0.008

	
	Between Subjects
	6.93
	< 0.005
	0.04

	
	Interaction
	6.74
	< 0.005
	0.03

	Effect of noticing flowers

	Negative Affect
	Within-subjects
	60.45
	< 0.005
	0.14

	
	Between Subjects
	0.73
	0.79
	< 0.005

	
	Interaction
	1.07
	0.3
	0.003

	Positive Affect
	Within-subjects
	3.36
	0.04
	0.009

	
	Between Subjects
	1.75
	0.19
	0.005

	
	Interaction
	5.35
	0.005
	0.01

	Effect of noticing sounds

	Negative Affect
	Within-subjects
	75.87
	< 0.005
	0.17

	
	Between Subjects
	6.62
	0.01
	0.02

	
	Interaction
	0.21
	0.79
	0.001

	Positive Affect
	Within-subjects
	2.55
	0.08
	0.007

	
	Between Subjects
	2.26
	0.11
	0.007

	
	Interaction
	2.57
	0.08
	0.007

	Effect of noticing trees

	Negative Affect
	Within-subjects
	45.43
	< 0.01
	0.11

	
	Between Subjects
	3.85
	0.05
	0.01

	
	Interaction
	0.15
	0.7
	< 0.005

	Positive Affect
	Within-subjects
	2.4
	0.01
	0.006

	
	Between Subjects
	1.56
	0.21
	0.004

	
	Interaction
	4.38
	0.01
	0.01

	Effect of the time spent outdoor as a child

	Negative Affect
	Within-subjects
	93.61
	< 0.005
	0.2

	
	Between Subjects
	1.42
	0.24
	0.008

	
	Interaction
	0.37
	0.81
	0.2

	Positive Affect
	Within-subjects
	3.39
	0.03
	0.009

	
	Between Subjects
	1.74
	0.18
	0.009

	
	Interaction
	0.36
	0.83
	0.002

	Effect of Nature Connectedness

	Negative Affect
	Within-subjects
	74.89
	< 0.005
	0.17

	
	Between Subjects
	0.49
	0.81
	0.008

	
	Interaction
	0.65
	0.69
	0.01

	Positive Affect
	Within-subjects
	6.18
	< 0.005
	0.016

	
	Between Subjects
	2.95
	0.008
	0.05

	
	Interaction
	1.46
	0.12
	0.02



Pooling data across the conditions showed that Positive affect (PA) scores changed with time (p = 0.02). Post hoc tests showed that PA scores were statistically lower after the stressor (p = 0.014) but not after the relaxing video (p = 0.14), compared to the baseline (Fig 3, right). There was no significant difference in the PA scores before and after the condition videos. There were no significant differences between any of the experimental groups at any stage (p = 0.91), i.e. the amount of additional biodiversity or natural sounds were not affecting the Positive Affect scores, compared to a control.

Fig 3. Mean Negative Affect (Left) and Positive Affect (Right) scores by condition group at the three stages of the procedure. Means without common letters are statistically different at p<0.05. Error bars represent +/- 1 standard error.
[bookmark: _Toc179962347]Perceived level of biodiversity
Perceptions of the biodiversity shown in the videos showed an overall significant effect on both Negative and Positive Affect scores (NA p=0.03; PA p < 0.005, Table 3). Post hoc tests showed that those who deemed the environment as “very good” for biodiversity had overall lower NA scores than those who rated it “neutral or bad” (p = 0.048) and overall higher PA scores than those who rated the environment “neutral or bad” (p = 0.008) or “good” (p=0.001). The greatest reductions in NA between the post-stress and post-video stages were associated with those respondents who thought the sites were ‘good’ or ‘very good’ in terms of biodiversity (Fig 4, Left). Conversely, PA scores continued to decrease after the video for those who considered the environment “bad or neutral”, but PA increased in those who thought the environment was “very good” in biodiversity (Fig 4, Right).   

Fig 4. Changes in Negative Affect (Left) and Positive Affect (Right) scores after the video stage for those groups who perceived the biodiversity as ‘Bad/Neutral’, ‘Good’ or ‘Very Good’. Letters denote statistical differences.
[bookmark: _Toc179962348]Appreciating individual elements of nature
A large number of participants (208 individuals - 59%) commented on their perceptions of biodiversity and natural features after watching the videos. Sounds were mentioned most frequently (N = 55, including wind, water and birds), then flowers (N = 35) and trees (N = 33) (S1 Appendix). 
There was little overall difference in both Affect scores between those who mentioned noticing the flowers and the rest of the participants (NA p = 0.79; PA p = 0.19, Table 3). However, there was a significant interaction (p=0.005) for Positive Affect. Those individuals who specifically commented about the flowers reported enhanced Positive Affect scores after watching the videos (Fig 5). Since all those who provided comments also perceived the biodiversity to be “good” or “very good”, those who noticed the flowers were compared with those who did not (i.e. controlling for the effect of perceived biodiversity). The interaction was again significant (p = 0.045), confirming that those who noticed the flowers showed significantly higher Positive Affect compared with those who noticed other things. 

Fig 5. Changes in Mean Positive Affect scores after the video stage by those who mentioned the flowers and those who did not. Letters denote statistical differences.
Participants who commented on natural sounds, including both the sound of the breeze and birdsong, reported significantly lower NA scores (p = 0.01) than the rest of the participants. The overall difference in PA scores, on the other hand, was non-significant (p = 0.11).
Participants who noticed the trees reported both lower Negative Affect (p = 0.05, Table 3) and lower Positive Affect scores overall (p = 0.21), compared to the other participants. The analysis of Positive Affect highlighted a significant interaction (p = 0.01). Participants who noticed the trees showed significantly higher scores in Positive Affect after the video, compared to the rest of the participants. However, when controlling for the effect of perceived biodiversity (see above) the interaction was no longer significant (p = 0.09).
[bookmark: _Toc179962349]Time spent outdoors and nature connectedness
The time spent outdoors during childhood did not have a significant effect on the scores for Negative or Positive Affect (NA p = 0.24; PA p = 0.18, Table 3).
The level of Nature Connectedness had no influence on NA scores (p = 0.81), but showed a significant overall effect on PA scores (p = 0.008). Those moderately connected to nature had significantly higher PA scores than those who considered themselves poorly connected (INS = 5 vs INS = 1; p = 0.049).  The least nature-connected participants reported decreasing PA scores throughout the procedure.
[bookmark: _heading=h.1fob9te][bookmark: _Toc179962350]Discussion 
[bookmark: _Toc179962351]Emotional responses to green space via video 
This research supports the notion that exposure to green space (a video of urban woodland space) reduces feelings of negative emotion (Negative Affect), but does not necessarily increase positive emotions (uplift – Positive Affect) per se.  Scores for Negative Affect were lower after the video than at the start of the procedure or immediately after an annoying noise (stressor). This confirms previous findings that viewing green space reduces psychological stress [4,5], including situations where the exposure is through video alone [47,67,68]. Previous studies with video have indicated no difference based on the type of green space being viewed [44], but Tyrväinen et al. [69] working with real in vivo urban spaces, suggested that typology mattered (urban woodlands being marginally more restorative than urban parks, with both typologies being better than a city centre location). It is possible that real locations stimulate stronger emotional responses than virtual ones [51], but real locations expose people to additional variables, other than those solely linked to the green spaces – not least different experiences whilst travelling to experimental locations. This study attempted to limit such variables, by focussing on one location and systematically altering the natural elements within. Whilst all our ‘green’ scenarios were equally restorative (lowering Negative Affect), none actually strongly stimulated joy (Positive Affect scores being lower after both the stressor and the video, compared to the baseline). This suggests our landscapes were providing a calming influence, but not necessarily stimulating strong feelings of excitement or joy.  
[bookmark: _Toc179962352]Biodiversity levels and emotions
Increasing the levels of plant biodiversity and inferring greater avian biodiversity through birdsong, had no additional significant effect on the affective response. In essence, there was no additional benefit from increasing these aspects of biodiversity to the green space. These results do not support our initial hypotheses that increased biodiversity improves the emotional (and potentially health) outcomes. Despite artificially altering distinct visual levels in plant (+21 species vs +4 species vs base) and sound levels of avian diversity (6 species vs none), we observed similar changes in the Affect scores as observed with the control treatment. Thus, for the sample population as a whole, the data does not support the notion that increased plant diversity corresponds to enhanced Positive Affect, and reduced Negative Affect, after a stressful event. Similarly, introducing background natural sounds (bird song and water) did not enhance Positive, or reduce Negative, Affect. Our findings are in line with those previous studies where either an increase in biodiversity [32,70] – or optimal biodiversity [71] – did not increase the health outcomes.
This contrasts with the relationships between Positive Affect and biodiversity that have been found in other studies though.  For instance, Wolf et al. [18] exposed their participants to videos with high vs low tree diversity and high vs low bird diversity. In both cases, they found a statistically significant effect for biodiversity and a higher post-video Positive Affect was associated with the high biodiversity conditions. Cameron et al. [19] also found significant positive correlations for both avian diversity and habitat diversity and the positive emotions reported by park visitors in Sheffield. 
The absence of a direct biodiversity effect in this study could be due to non-exposure to the condition, rather than a non-response. It could be argued that the introduced species were not noticeable enough. However, the addition of brightly coloured, flowering plants was far from subtle. Comparing the Control condition with the High plant increase condition (Fig 1) it is evident that the plants stand out from the background. The same can be said for the avian diversity, where a rich soundscape was compared with the sound of the wind. It is possible, however, that the participants may not have paid much attention to the planting around them, focusing instead on the rest of the woodland. This would explain why, despite their actual differences in species, all videos received similar ratings of perceived biodiversity (S1 Appendix). This “nature myopia” has already been noted in previous experiments with flower meadows, where the participants hardly noticed the difference in species, compared with control sites; nonetheless, those exposed to highly diverse meadows expressed a stronger preference [40] and higher site satisfaction [30] compared to controls.
[bookmark: _Toc179962353]Perceived biodiversity and affective response
In contrast to data on real biodiversity, the perceived level of biodiversity was associated with increased Positive Affect scores. Those who perceived the environment as more biodiverse showed an increase in their Positive Affect after the video. These results align with previous research which hypothesised a predominant role for subjective perceptions of biodiversity over the actual species richness of the location [23,32,33]. In other words, what was visually perceived to be more diverse was more strongly associated with the Positive Affect scores than the actual diversity.
However, only half of the commenters (108 out of 208) associated their high perceptions of biodiversity with elements related to species richness (i.e. trees, birds, flowers) when asked. Fewer could narrow down their perceptions to birds (18 comments) or flowers (35 comments) which were experimentally designed to be evident. Those participants who noticed flowers, trees or sounds showed improved Affect scores after watching the video (i.e. reduced Negative Affect and increased Positive Affect). These participants received something more from the experience by engaging with the local species richness (i.e. trees) and the species we had introduced (i.e. flowers and birdsongs). This suggests that noticing biodiversity could be a necessary step to receive extra emotional recovery after a stressful event. 
Research shows that actively noticing nature is more beneficial than passive exposure. Randomised controlled trials such as the Noticing Nature Intervention [72] and its replications [73,74] showed that participants who were tasked to notice nature for two weeks reported higher Positive Affect, compared with participants who did not receive instructions. This increase in Positive Affect was independent of other well-being-related variables, such as Nature Connectedness and engagement with beauty. Similarly, noticing nature with all senses during a forest bathing session [75] improved Positive Affect as much as a session of Compassionate Mind Training, which is a more established intervention to improve well-being.
Among the natural elements that participants used to evaluate the video’s biodiversity, flowers deserve a special mention. Flowers were the only biodiversity element correctly noticed by participants (i.e. there were no comments about flowers in the control condition). Noticing flowers was associated with improved Positive Affect, even when the effect of the perceived biodiversity was statistically controlled. Flowering plants are known to elicit positive emotions [76–78], especially when the flower coverage exceeds a certain percentage (e.g. 27% [79]). Although in this case it is difficult to estimate the scene coverage, due to its three-dimensional nature, if the participants spent most of the condition time looking at the planted flowers, this could have prompted the increase in Positive Affect.
[bookmark: _Toc179962354]Limitations and recommendations for future research
As the study was conducted online, there are limitations in estimating how much the participants engaged with the experimental procedure. Although metadata provided a measure of control on some of the factors (e.g. individuality of the response, type of device used), it is challenging to say whether the participants followed the recommendations provided. Using a 360-degree video increased the simulation of “being there” but at the cost of some control over the condition. Since the participants could point the camera in any direction, some could have chosen to look at the tree canopy for the entire video, without noticing the ground flowers. Furthermore, participants did not receive any instructions other than to “look around”. It is possible that the differences in Positive Affect between commenters and non-commenters (who represented over 40% of the sample) might be explained by boredom with the lengthy procedure. However, even though boredom was mentioned in the comments by 30 participants, the completion rate suggests that most of the participants did their best to engage with the experiment. 
There were notable differences in results from people who noticed elements of nature and those who did not (or did not report doing so). Future research should focus on this aspect. How much do we need to notice nature – to gain a restorative benefit? Are there differences due to more nuanced demographics? Future research could take a stratified approach to determine if nature engagement/knowledge impacts on well-being. Asking people to notice nature seems to help with engagement and subsequently well-being [72–74], but how do background levels of nature literacy impact on emotional responses? It may well be that both a complete lack of knowledge/interest (not noticing or valuing what is seen) or high levels of nature knowledge (e.g. in conservation workers with consequential understanding of negative factors – biodiversity declines, habitat loss etc.) act negatively in terms of promoting well-being. Perhaps only those with a moderate understanding of nature actually have the capacity to receive the health benefits? These factors need testing. 
Conclusions
This study explored the impact of biodiversity on emotional responses but differed from many previous studies by artificially manipulating, in a controlled manner, the amount of biodiversity on view or inferred through sound.  Although the study noted that being in a green (woodland) space decreased negative emotions, there was no significant additional benefit due to increased biodiversity. Being exposed to green space (and different levels of biodiversity) had little impact on the Positive Affect participants reported, but perceiving the location as more biodiverse had a greater effect. Those participants who had positive perceptions about the environment (e.g. how biodiverse they thought it was) and their engagement with it (by noticing and appreciating its elements) reported more Positive Affect. Noticing biodiversity, therefore, could be a key factor in eliciting positive emotions, however, fewer than 10% of participants indicated they noticed any additional plantings (flowering plants). If perceiving and engaging with biodiversity is necessary to receive an extra boost to mental well-being, a lack of noticing may be preventing many people from gaining the maximum mental health benefit from their green space. In essence, whilst acknowledging some psychological recovery provided by green space in general, one may have to “notice” the good things in nature to optimise those benefits. This data has important implications for policymakers, because not only do urban green spaces need to be engaging and biodiverse, but certain educational processes may need to be included before citizens reap the health benefits such places can elicit. In essence, “nature blindness” may undermine the salutogenic potential of many green spaces. 
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Previous studies suggested that urban green spaces with rich fauna and flora (i.e. rich biodiversity) improved well-being, in the form of reduced stress and better mood. However, few studies manipulated the biodiversity experimentally and controlled for potential confounders.
In the current study, an online experiment tested the hypothesis that more biodiverse green spaces will elicit greater well-being. Over 1600 participants from the UK and China reported their mood before and after virtually exploring the same urban park but with lower or higher macro-biodiversity (plants, birds and mammals). All participants also rated their perceived biodiversity (i.e. how many kinds of plants and animals they guessed to be present)
The results showed that park variations produced improved mood, especially in stressed participants. This counters the initial hypothesis that maximum biodiversity correlates with higher well-being. Instead, participants who perceived higher biodiversity reported greater mood improvements than those who perceived low biodiversity. However, the perceived biodiversity overestimated the actual biodiversity. Interestingly, these findings were consistent in both UK and China samples This indicates that well-being benefits and stress recovery can occur in parks with low and high biodiversity. However, greater well-being effects can be gained if park visitors perceive and notice more biodiversity.
[bookmark: _Toc179962361]Introduction
Biodiversity (the variety and abundance of living species in a given geographical region) is going through a global crisis ushered in by climate change, overexploitation of natural resources and habitat loss (Fisher et al., 2023). Cities and their green infrastructure – i.e. networks of natural and artificial ecosystems within and around the city (Tzoulas et al., 2007) – have become unexpected sanctuaries for many bird and plant species (Aronson et al., 2014; Spotswood et al., 2021).  In time, with appropriate management, cities could be turned into favourable habitats, providing a haven for species while their natural habitats keep shrinking due to e.g. the intensification of agriculture (Tilman et al., 2017). The development of Nature-based solutions – i.e. “actions to protect, sustainably manage and restore natural or modified ecosystems, that address societal challenges […]” (Cohen-Shacham et al., 2016) –  has the potential to increase the biodiversity in urban environments, since these solutions must also enhance biodiversity as part of their outputs (European Commission et al., 2020).
[bookmark: _Hlk176427585]Biodiverse environments, including those found in urban settings, have many ecosystem services to offer, not least those related to human health (Fisher et al., 2023). For instance, physical health may benefit from contact with a biodiverse microbiota in the soil as this can positively change the biota of skin (Grönroos et al., 2019; Robinson and Barrable, 2023) and gut (Liddicoat et al., 2020), both important in supporting the immune system. In general, biodiversity is also capable of reducing exposure to harmful environmental factors, e.g. air pollutants and excessive heat (Marselle et al., 2021), which are especially present in large cities. For example, research has shown that the amount of cooling provided by urban trees is determined by the species’ traits (e.g. leaf shape), which can enhance/reduce the tree’s evapotranspiration (Gunawardena, Wells and Kershaw, 2017) and shading (Cameron, Taylor and Emmett, 2014; Speak et al., 2020).
Another large body of research investigated the benefits of urban green spaces on mental health (Frumkin et al., 2017). Urban environments that host relatively high biodiversity, such as parks, gardens and arboretums have been seen as providers of psychological well-being (Markevych et al., 2017). As a quality of these landscapes, biodiversity can be linked to at least two psycho-evolutionary theories proposing that natural-looking landscapes (including urban green spaces) can support well-being (Cracknell et al., 2017). The Attention Restoration Theory (Kaplan, 1995) suggests green spaces provide “soft-fascinating” content (i.e. engaging but low-stimuli), allowing the brain to replenish its cognitive capacity (“Directed attention”) and thus improving cognitive processes (e.g. memory). For example, a group of university staff who watched a video of a nature trail showed improved long-term memory and task accuracy compared with their baseline values and compared to a control group who watched a video of a busy city street (Pilotti et al., 2015). The Stress Reduction Theory (Ulrich et al., 1991) postulates that views of “unthreatening nature” with a moderate degree of visual complexity (common in urban green spaces) enhance relaxation processes and reduce stress. This reduction in stress was observed both physiologically (e.g. reduced blood pressure Lanki et al., 2017; and psychologically (e.g. improved mood; Kondo et al., 2020). In particular, positive affect (positive emotions and their cognitive, physiological and behavioural expressions) seems to improve from contact with natural environments (McMahan and Estes, 2015). In summary, a higher number of species in a given location (higher biodiversity) could increase the chances of being exposed to either ‘fascinating content’ or moderate ‘visual complexity’, in turn leading to well-being improvements.
In a recent framework looking at the multiple pathways that may link biodiversity and human health (Marselle et al., 2021), the contact with biodiversity has been conceptualised as the sum of “exposure” (duration and frequency of interaction) and “experience” (qualities of the experience, e.g. intentionality of the interaction, the direct/indirect physical proximity with biodiversity). Direct interactions (being physically present with biodiversity), such as birdwatching and berry picking, have been shown to be one of the reasons that attract visitors to city parks (Palliwoda, Kowarik and von der Lippe, 2017). Direct interactions generally have a greater potential to provide well-being compared to indirect interactions (not being physically present in nature, e.g. watching a documentary) (Browning, Mimnaugh, et al., 2020). Nonetheless, researchers have successfully observed improvements in well-being even when their participants came in contact with biodiversity through pictures (Brown, Barton and Gladwell, 2013), slideshows (Johansson et al., 2014) and videos (Wolf et al., 2017). 
[bookmark: _Toc179962362]Unresolved research questions on biodiversity and well-being
Early studies (Fuller et al., 2007) hypothesised the relationship between biodiversity and mental well-being followed a linear trend (i.e. the greater the biodiversity the better the mental well-being). Over the years, the general research question revolved around this hypothesis (Lovell et al., 2014), but results varied. Some were supportive of this positive relationship, finding reduced anxiety and increased positive affect (Cox et al., 2017; Wolf et al., 2017) and better quality of life (Rantakokko et al., 2018). Other studies instead found no relationships between biodiversity and stress (Grahn and Stigsdotter, 2010), or biodiversity and general mental health (van den Bosch et al., 2015). The interest in gaining an understanding of these relationships is still growing (Hedin et al., 2022), however, the experimental evidence linking biodiversity and mental well-being remains limited, with only a handful of experiments controlling for biodiversity (Marselle et al., 2019; Hedin et al., 2022). 
Further, some of the existing experiments seem to suggest that the biodiversity/mental health relationship could be non-linear, i.e. a certain degree of biodiversity is beneficial, but too much or too little is not. For example, Johansson et al. (2014) showed their participants slideshows of broadleaf forests at high, intermediate and low levels of biodiversity. The participants’ emotional well-being was significantly higher after watching the intermediate forests, compared with the other two. In another experiment (Lindemann-Matthies and Matthies, 2018), participants showed reduced blood pressure and better stress recovery when relaxing in front of a meadow with medium plant diversity (32 species) than when in front of a less diverse (0, 1 and 16  species) or much more diverse (64 species) meadows. Similarly, an experiment that used videos at different levels of biodiversity showed that participants relaxed more (i.e. reduced anxiety and slower heart rate) after seeing a video with some biodiversity compared to videos with little and high biodiversity (Schebella et al., 2020). If the biodiversity/well-being relationship is non-linear, this could explain why high biodiversity is sometimes associated with reduced well-being (Dallimer et al., 2012). 
Often, improved well-being is associated with perceived biodiversity (i.e. how biodiverse a place is perceived to be), irrespectively of the actual biodiversity (i.e. biodiversity objectively measured) (Dallimer et al., 2012). Recent research showed that perceiving a higher number of species in urban parks in Portugal (Gonçalves et al., 2021) and Singapore (Nghiem et al., 2021) resulted in higher Attention Restoration, but the actual park biodiversity had little effect. Similarly, a survey study from a natural park in Ontario (Reining, Lemieux and Doherty, 2021) showed that perceiving a higher number of species had strong associations with well-being, while the type of ecosystem (and their different species richness) did not show a significant difference (i.e. all examined ecosystems were restorative).
Perceptions of biodiversity represent a complex construct, which includes both the processing of the sensorial information of biodiversity (Botzat et al., 2016) and a subjective experiential component. Examples of sensorial stimuli are flower colours (Elsadek and Liu, 2020; Zhang, Dempsey and Cameron, 2023) and birdsong (Fisher et al., 2021), which have been shown to improve self-reported well-being. The subjective component, as suggested by qualitative research (Austen et al., 2021), goes beyond the sensorial aspects to include past experience (familiarity with species, memories of interaction) and knowledge about the biodiversity (e.g. species behaviour and its ecological value). Finally, perceptions of biodiversity can also increase over time, for example, as a result of targeted education (Lindemann-Matthies, 2002). This complexity could explain why, often, public perceptions of biodiversity were poorly correlated with measured biodiversity (Lindemann-Matthies and Bose, 2008; Dallimer et al., 2012; Assaf Shwartz et al., 2014).
In a previous experiment (Farris, Dempsey, et al., 2024), there was some indication that noticing biodiversity could be a key element in enhancing well-being. While holding the level of biodiversity and the perceived biodiversity constant, those participants who reported noticing some elements of biodiversity (i.e. flowers, birds, trees) showed higher Positive Affect while recovering from a stressor than participants who did not notice or did not share what they had seen. Other studies (Passmore and Holder, 2017; Passmore, Yang and Sabine, 2022) showed that mindfully noticing nature and the emotions evoked by it can increase positive affect, in particular low-arousal positive affect such as relaxation (McEwan et al, 2021).
[bookmark: _Toc179962363]The present study
Considering this summary of the existing literature, the present study aimed to: 1) contribute to the limited experimental evidence that has linked well-being and biodiversity; 2) compare the effect of perceived biodiversity and actual biodiversity on the same stress recovery process but at different baselines of stress; 3) explore the effect of noticing biodiversity on well-being. The experiment focused on testing the following hypotheses:
1. Does higher park biodiversity improve well-being more than lower (but not none) biodiversity? 
2. Does the perceived biodiversity elicit more well-being than actual biodiversity?
3. Does noticing individual elements of biodiversity elicit well-being?
4. Is there any difference between non-stressed and stressed participants?
[bookmark: _Toc179962364]Materials and Methods
To address the research hypotheses, a total of four experiments were developed. Experiment 1 measured the participants’ emotional well-being before and after a virtual tour of an urban park. Experiment 2 replicated Experiment 1 but introduced a stressor task before the virtual tour. Experiments 3 and 4 replicated experiments 1 and 2 (respectively) with a different group of participants in a different language. The following sections will provide more details about the virtual tour, the participants, the experimental procedures and the measures used.
[bookmark: _Toc179962365]Treatment setup and virtual park development
Eight different versions of the same virtual park were developed (Table 1). These park variations were used as treatments to expose the participant to different levels of biodiversity while accounting for the effect of flower colours. Flower colours can influence positive affect (Elsadek and Liu, 2020; Zhang, Dempsey and Cameron, 2023) but are also one of the most intuitive species traits used to distinguish one species from another (Hoyle et al., 2018). Therefore, it was necessary to control for the diversity of the flower colours which may overlap and be confounded with biodiversity. Biodiversity was manipulated by introducing digital models of flowering plants, small mammals and birds. This was done to make biodiversity as noticeable as possible, attempting to make the comparison between actual and perceived biodiversity clearer. This produced one low biodiversity treatment (three plants, two birds) and one high biodiversity treatment (twelve plants, two mammals, four birds). All versions of the park included 10 species of trees, mown lawns, benches, rubbish bins and some human models. The effect of the flower colours was controlled by limiting the number of colours to two (lower colour diversity) and four (higher colour diversity). To maximise the affective response to the planting, warm colours were used in experiments 1 and 3 (i.e. without the stress induction) and cool colours were used in experiments 2 and 4 where participants received a stress induction. This choice was based on previous research which showed a relaxing effect of cool flower colours and an uplifting effect of warm flower colours (Zhang, Dempsey and Cameron, 2023). Sample images of the planting are included in the supporting information (S2).
Table 1. Summary of the characteristics selected for the virtual park variations.
	Treatment
	Species count
	Experiments 1 and 3
	Experiments 2 and 4

	High biodiversity and high colour diversity (HBHC)
	28 (12 herbs or shrubs, 10 trees, 4 birds, 2 mammals)
	Blue, pink, purple, white
	Red, orange, yellow, white

	High biodiversity and low colour diversity (HBLC)
	28 (12 herbs or shrubs, 10 trees, 4 birds, 2 mammals)
	Blue, white
	Orange, white

	Low biodiversity and high colour diversity (LBHC)
	15 (10 trees, 3 herbs or shrubs, 2 birds)
	Blue, pink, purple, white
	Red, orange, yellow, white

	Low biodiversity and low colour diversity (LBLC)
	15 (10 trees, 3 herbs or shrubs, 2 birds)
	Blue, white
	Orange, white



The park was created in Google SketchUp and Lumion Pro (ver. 12), had a size of 100x100 meters and featured a paved path where each participant could “walk”. Thirty 360-degree photos of the park were linked together with Marzipano (http://www.marzipano.net), creating a virtual tour experience similar to Google’s “Street View”. The planting was arranged in repeating blocks so that the participant could move freely in any direction while remaining exposed to the same plants. No audio background was included in any of the tours to avoid confounding stimuli.
[bookmark: _Toc179962366]Participant recruitment and Ethics approval
Participants were first recruited via social networks (Twitter and Facebook) and two Europe-based survey exchange platforms (SurveyCircle.com and Surveyswap.com). The recruitment was then repeated with a Chinese audience, distributing the survey, translated into Mandarin, on WeChat. Data collection took place between April and December 2022. All participants took part in the same online procedure from their own devices. The study and the procedure were reviewed and approved by the Department of Landscape Architecture Ethics Committee (Approval Ref. 039698).
[bookmark: _Toc179962367]Measures
The affective states are an important indicator of mental well-being (Gross, Uusberg and Uusberg, 2019), as they provide a proxy for the stress response and mood regulation. The affective states were measured with two subscales, Joviality and Serenity, from the Positive and Negative Affect Schedule Extended (PANAS-X; (Watson and Clark, 1994)) and the Negative Affect subscale from the International short form of the same schedule (I-PANAS-SF; (Thompson, 2007)). Combined, these scales formed a questionnaire with 16 items (8 Joviality, 3 Serenity, 5 Negative Affect), each one indicating how much the participant felt a certain emotion on a 5-point Likert scale. Theoretical work concerning the Affective regulation (Posner, Russel and Peterson, 2005; Panksepp, 2010; Richardson, McEwan, et al., 2016) has suggested that two dimensions of Positive Affect exist; one is more related to enjoyment and attraction (high arousal) while the other involves to relaxation and contentment (low-arousal) (McManus, Siegel and Nakamura, 2019). Therefore, the Joviality and Serenity scales were selected to measure these two dimensions of the Positive Affect. For the Chinese version of the survey, the PANAS-X subscales and the other measures detailed below were translated into Mandarin by one of the authors and translated back to English with the help of an independent academic. In the Chinese translation two items from the Serenity scale were redundant, “relaxed” (平静的) and “calm” (平静的), therefore only the item “calm” (平静的) was included in the questionnaire. 
Perceptions of biodiversity and colour diversity were measured on a 4-point Likert scale (Cameron et al., 2020). Participants were asked to guess “How many types of plants/trees/animals” were in the park they explored. Answers ranged from “none” to “lots”.
The participants were asked to state their age group, gender, ethnicity and educational level to ensure a balanced, randomised distribution among the experimental groups. Additional checks asked if this was the first time they had experienced a virtual tour, what device they were using and if they had any difficulties in perceiving colours (e.g. colour blindness). 
Along with their demographics, the participant reported their nature connectedness via the one-item Inclusion of Nature in Self scale (Schultz, 2002). This is a single-item scale, measured on a 7-point Likert scale. Nature connectedness measures one’s affective affiliation with nature (Mayer and Frantz, 2004) and could play a role in the relationship between biodiversity and well-being.
Finally, the participants were asked to comment about anything they had noticed or liked during their virtual tour. Applying content analysis (Neuendorf, 2017) to these comments produced binary variables which were used in the statistical analysis.
[bookmark: _Toc179962368]Experimental Procedures
After reading the information sheet and providing consent, the participants were instructed to wear headphones and avoid distractions for the duration of the study. The participants were initially randomised into one of the experimental procedures, two without a stress induction (Experiments 1-3) and two which included a stressor task (Experiments 2-4). This allowed a comparison between those who, theoretically, should receive more benefits from green spaces (and biodiversity) because in need to recover from stress, and the effect of green space (and biodiversity) under normal circumstances (low stress). As required by the ethics review, the information sheet forewarned the participants they could be hearing an annoying noise (i.e. the stressor).
[image: ]
Figure 1. Flowcharts illustrating the experimental procedures
In Experiments 1-3, the participants first reported their baseline affective states and then were randomly assigned one of the warmly coloured virtual tours to explore for about 150 seconds. After that, they reported their affective states a second time and their perceptions about the biodiversity they had observed. Space was provided for further comments and participants were shown a debrief.
In Experiments 2-4, the participants received the stress induction immediately after baseline measurement. This was the sound of a fire alarm, which lasted 15 seconds. After that, they immediately reported their post-stressor affective states. Following, each participant was randomly assigned one of the cool-coloured parks to explore for 150 seconds. After the tour, the participants reported their affective states one last time and reported their perceptions of biodiversity. Finally, they were provided space for comments and debriefing.
[bookmark: _Toc179962369]Statistical Analysis
The statistical analysis was carried out using SPSS (version 28) for Windows. Responses which met the following criteria were excluded from the analysis: 1) Incomplete responses; 2) multiple responses identified by the same IP address and demographic information; 3) responses where the Affective scores were the same for all items at all stages of the procedure (e.g. all 5).
The distribution of demographics among the treatment groups was explored with histograms and crosstabulations. Changes in the Affective states were analysed via repeated measures analysis of variance (RM-ANOVA), using the park treatment as the between-subject variable and the procedure’s stages (baseline, stressor, park) as the within-subject variable. An interaction term between the stage of the procedure and the Park treatment was included to compare the affective response at the park stage between the groups. The Greenhouse-Gausser correction was applied to the probability values (p-values), as the assumption of sphericity was usually violated by the model. The Bonferroni correction was applied to any post hoc tests involving multiple comparisons.
Since only 2.7% of the perceptions of biodiversity fell into the lowest category, perceived biodiversity was recoded into three categories (low, medium, and high) by collapsing the two lower categories (“none” and “a few”) together. Similarly, nature connectedness was also recoded into three categories as follows: low (scores 1 to 3), medium (scores 4 and 5), and high (scores 6 and 7).
The Affective scores (Joviality, Serenity, Negative Affect) were calculated by averaging the items of each subscale. In parallel with the park treatment, ratings of perceptions of biodiversity and nature connectedness were used as between-subjects variables. Dummy variables generated via content analysis were also used as between-subject variables, exploring the effect of specific elements on the affective response.
Required sample sizes for this analysis (Mixed repeated measure design) were calculated using G*Power (Faul et al., 2007), aiming to achieve a power of beta = 0.8 at the significance threshold of alpha= 0.05. A small effect size (Cohen’s d= 0.15) was assumed based on previous meta-analyses (McMahan and Estes, 2015; Browning, Mimnaugh, et al., 2020).
[bookmark: _Toc179962370]Results
[bookmark: _Toc179962371]Descriptive data (Experiments 1-4)
[bookmark: _Hlk138069006][bookmark: _Hlk138069041]After applying the exclusion criteria, 940 responses from the English survey and 774 responses from the Chinese survey were included in the analysis. Over 350 participants were involved in each experiment (Table 2).  The majority of participants in the UK study were female, but with male majority in the Chinese cohort. 
Table 2. Distribution of demographics across the four experiments. Experiments 1-2 English-speaking samples. Experiments 3-4 Chinese-speaking samples.
	Measure
	Experiment 1 
N = 463
	Experiment 2
N = 477
	Experiment 3
N = 379
	Experiment 4
N = 395

	Gender

	Male
	32%
	37.90%
	66.8%
	64.6%

	Female
	66.1%
	59.1%
	30.9%
	32.2%

	Non-binary/third gender
	1.5%
	2.3%
	0.3%
	0.5%

	Prefer not to say
	0.4%
	0.6%
	2.1%
	2.8%

	Age category

	18 - 24
	38.4%
	30.2%
	3.7%
	4.3%

	25 - 34
	30.7%
	34.2%
	18.7%
	18.7%

	35 - 44
	11.2%
	14.9%
	28.2%
	27.1%

	45 - 54
	7.6%
	7.8%
	34.8%
	32.4%

	55 - 64
	5.4%
	6.1%
	12.7%
	14.4%

	65+
	6.70%
	6.90%
	1.8%
	3.1%

	Ethnicity

	White
	68.5%
	73.4%
	2.4%
	1%

	Mixed/Multiple ethnic groups
	4.3%
	4.6%
	0%
	0.5%

	Asian
	18.1%
	14.9%
	97.1%
	97.2%

	Black/African/Caribbean
	3.9%
	4.4%
	0.3%
	0%

	Other ethnic group (self-described)
	4.8%
	2.5%
	0.3%
	1.3%

	Education

	High school, GCSE or equivalent
	9.3%
	10.1%
	36.4%
	38.7%

	Bachelor or equivalent
	44.5%
	41.9%
	52.2%
	50.4%

	Masters or equivalent
	36.7%
	37.9%
	5.5%
	5.6%

	Doctoral or equivalent
	7.1%
	8%
	1.1%
	1%

	Other (self-described)
	2.2%
	1.9%
	4%
	3.8%


Table 3 reports the distribution of nature connectedness, perceived biodiversity and the perceived biodiversity in relation to the actual biodiversity presented in the virtual park.
Table 3. Distribution of nature-related variables across the four experiments. Key for the treatment acronyms: H=high, L=low, B=biodiversity, C=colour diversity
	Measure
	Experiment 1
	Experiment 2
	Experiment 3
	Experiment 4

	Nature connectedness

	Low
	23.1%
	22.2%
	5%
	6.8%

	Medium
	51%
	41.9%
	26.4%
	24.6%

	High
	25.9%
	35.8%
	68.6%
	68.6%

	Perceived biodiversity

	low
	10.4%
	7.8%
	28.8%
	34.9%

	medium
	29.2%
	33.1%
	40.9%
	38%

	high
	60.5%
	59.1%
	30.3%
	27.1%

	Perceived biodiversity by park variation - all experiments pooled together

	
	HBHC
	HBLC
	LBHC
	LBLC

	Low
	20.4%
	18.7%
	17.4%
	20.9%

	Medium
	29.6%
	35.7%
	35.4%
	39.0%

	High
	50.0%
	45.6%
	47.2%
	40.1%



Finally, a reliability test revealed satisfactory values (Cronbach alpha> 0.85) for the Joviality and Negative Affect scales in all four experiments. The Serenity scale was again reliable in the English survey (Cronbach alpha> 0.85) but less reliable in the Chinese (Cronbach alpha = 0.6). Means and standard deviations of all the affective scores are reported in the supporting information (S1, Tables 4-8).
[bookmark: _Toc179962372]Experiment 1
[bookmark: _Hlk138069567]Effect of virtual park biodiversity on the affective response.
Exposure to the park environments improved the well-being parameters (affective scores), but there were no statistical differences based on the level of biodiversity present (Table 4). Overall, the Joviality and Serenity scores increased slightly after the park, while the Negative Affect score was reduced.
Table 4. Experiment 1. Summary of the RM-ANOVA comparing the effect of park treatment on the three affective states.
	[bookmark: _Hlk138069636]
	
	Experiment 1

	Affect
	Component
	F
	p-value

	Joviality
	Park (Between-subjects)
	1.354
	0.256

	
	Stage (Within-subjects)
	18.776
	<0.001

	Serenity
	Park (Between-subjects)
	0.747
	0.525

	
	Stage (Within-subjects)
	9.559
	0.002

	Negative Affect
	Park (Between-subjects)
	0.487
	0.691

	
	Stage (Within-subjects)
	82.615
	<0.001



[bookmark: _Hlk138076496]Effect of perceived biodiversity on the affective response.	
There were significant interactions between levels of perceived biodiversity and stage of the procedure for Joviality (F= 11.01, p= 0.001) and Serenity (F= 3.098, p= 0.046). Post hoc comparisons showed that participants perceiving medium/high biodiversity showed significantly higher Joviality and Serenity after touring the park than those who perceived low biodiversity (Fig. 2, left). Joviality and Serenity scores were reduced after the park, compared with baseline, for those who perceived low biodiversity. Negative affect decreased after park exposure, but the decrease was significantly greater (F= 6.654, p= 0.001) for those that perceived biodiversity levels as medium or high compared to low (Fig 2., right). 

Figure 2. Experiment 1. Changes, after touring the park, in the Joviality (left), Serenity (centre) and Negative Affect (right) scores by perceived biodiversity. 


[bookmark: _Toc179962373]Experiment 2
Effect of virtual park biodiversity on the affective response.
All park experiences restored affective scores after the stressor (i.e. stage was significant, Table 5), but as in Experiment 1 there was no effect due to level of biodiversity present. Overall, the Joviality and Serenity scores decreased after the stressor and then increased after the park; the Negative Affect followed an opposite trend, increasing after the stressor and decreasing after the park.
Table 5. Experiment 2. Summary of the RM-ANOVA comparing the effect of park treatment on the three affective states.
	
	
	Experiment 2

	Affect
	Component
	F
	p-value

	Joviality
	Park (Between-subjects)
	2.663
	0.047

	
	Stage (Within-subjects)
	109.1
	<0.001

	Serenity
	Park (Between-subjects)
	0.332
	0.802

	
	Stage (Within-subjects)
	195.1
	<0.001

	Negative Affect
	Park (Between-subjects)
	0.724
	0.538

	
	Stage (Within-subjects)
	118.4
	<0.001



Effect of perceived biodiversity on the affective response.	
There were significant interactions between levels of perceived biodiversity and the different stages of the procedure for both Joviality (F=3.674, p=0.007) and Serenity (F=2.363, p=0.055). Post hoc tests, however, showed significant improvements in these emotions when participants perceived the park biodiversity to be medium or high (Fig. 3, left and middle). Negative affect decreased on park exposure after the stressor, but post hoc tests did not suggest significant differences based on perceptions of biodiversity.  

Figure 3. Experiment 2. Changes, from after receiving the stressor to after exploring the park, in the Joviality (left), Serenity (centre) and Negative Affect (right) scores by perceived biodiversity. 
[bookmark: _Toc179962374]Experiment 3
Effect of virtual park biodiversity on the affective response.
Scores for Joviality and Serenity after the park exposure did not differ significantly from the baseline at any of the levels of biodiversity. In contrast, Negative Affect was instead significantly reduced (Table 6), but at both levels of biodiversity – i.e. no significant effect based on the level of biodiversity viewed.  
Table 6. Experiment 3. Summary of the RM-ANOVA comparing the effect of park treatment on the three affective states.
	
	
	Experiment 3

	Affect
	Component
	F
	p-value

	Joviality
	Park (Between-subjects)
	1.907
	0.128

	
	Stage (Within-subjects)
	0.140
	0.709

	Serenity
	Park (Between-subjects)
	0.357
	0.784

	
	Stage (Within-subjects)
	1.077
	0.3

	Negative Affect
	Park (Between-subjects)
	0.335
	0.800

	
	Stage (Within-subjects)
	41.949
	<.001



Effect of perceived biodiversity on the affective response.	
There were significant differences between the Joviality scores associated with the three levels of perceived biodiversity (F= 5.872, p=0.003). Post-hoc comparisons showed that participants who had perceived high biodiversity increased Joviality whereas those perceived medium or low levels decreased slightly compared to baseline levels (Fig. 4). Changes were significantly different between perception levels. Serenity stayed level for perceptions of medium biodiversity, but decreased for both low and high perception levels compared to baseline (F= 3.52, p = 0.03); differences compared to the medium being significant (p =0.048).  The effect of perceived biodiversity on the Negative Affect was not significant (F = 0.36, p = 0.69).

Figure 4. Experiment 3. Changes, after touring the park, in the Joviality (left), Serenity (centre) and Negative Affect (right) scores by perceived biodiversity.
[bookmark: _Toc179962375]Experiment 4
Effect of virtual park biodiversity on the affective response.
Exposure to the park environments restored positive emotions after the stressor, but the level of biodiversity had no significant effects on Joviality, Serenity and Negative affect scores.. Joviality and Serenity were reduced by the stressor and then increasing again after the park tour. The Negative Affect also changed, increasing after the stressor and decreasing after the park (Table 7).
Table 7. Experiment 4. Summary of the RM-ANOVA comparing the effect of park treatment on the three affective states
	
	
	Experiment 4

	Affect
	Component
	F
	p-value

	Joviality
	Park (Between-subjects)
	0.404
	0.75

	
	Stage (Within-subjects)
	28.58
	<0.001

	Serenity
	Park (Between-subjects)
	1.516
	0.21

	
	Stage (Within-subjects)
	17.42
	<0.001

	Negative affect
	Park (Between-subjects)
	0.101
	0.959

	
	Stage (Within-subjects)
	36.64
	<0.001



Effect of perceived biodiversity on the affective response.	
Higher perceived biodiversity was associated with greater restoration of Joviality and Serenity, after the stressor (Fig. 5) (e.g. for joviality H vs L, p = 0.001; M vs L, p = 0.002). Negative Affect decreased after the park exposure, but the perception of biodiversity did not show a significant effect (F = 0.885, p = 0.156).  

Figure 5. Experiment 4. Changes, from after receiving the stressor to after exploring the park, in the Joviality (left), Serenity (centre) and Negative Affect (right) scores by perceived biodiversity.
[bookmark: _Toc179962376]Noticing individual features of the parks (Experiments 1-4)
Content analysis of the comments showed participants in Experiments 1 and 2 (i.e. English-speaking) mostly noticed the presence of birds (N=58), small mammals (N=146) and trees (N=60). Fewer noticed or appreciated the flowers (N=48). A series of exploratory RM-ANOVAs revealed that participants in Experiment 1 (i.e. unstressed) who noticed the mammals and birds reported overall lower Negative Affect (F=4.402, p=0.045) than other participants. Participants assigned to Experiment 1 who noticed the birds showed increased Serenity after the park experience (F= 5.291, p=0.006). Noticing mammals and birds had an effect also on Experiment 2 participants (stressed) who reported lower overall Negative Affect (F=4.023, p=0.045) than other participants. In both Experiments 1 and 2, participants who noticed the trees reported lower overall Negative Affect scores than those who did not mention the trees (Experiment 1, F= 5.0, p= 0.026; Experiment 2, F=5.827, p= 0.016). Additionally, participants in Experiment 2 who noticed the trees showed a much higher increase in Serenity after the park compared with the others (F=5.291, p=0.006). The analysis did not show a statistically significant difference between participants who mentioned the flowers and those who didn’t.
Participants In Experiments 3 and 4 (i.e. Chinese-speaking) primarily noticed the flowers (N=115) and the “grasses” (草地) (N=44). Only a few mentioned the mammals (N=16) or the birds (N=11). The participants who noticed the flowers showed overall higher Joviality than the others in both Experiment 3 (F=5.885, p=0.016) and 4 (F=12.01, p= 0.001). Additionally, participants in Experiment 4 reported higher Serenity (F=6.912, p= 0.009) and higher Joviality scores when they noticed the grasses (F= 6.761, P=0.001). Noticing these elements did not show any differences in Negative Affect.
[bookmark: _Toc179962377]Discussion
[bookmark: _Toc179962378]Virtual parks improved emotional well-being
Overall, this research supports the notion that green spaces, in this case parks, can improve emotional well-being. All virtual park variations improved the affective states compared to the baseline, increasing Joviality and Serenity and reducing the Negative Affect. For those participants who received a minor stress induction, virtually exploring the parks also improved the affective states compared with the post-stressor levels. Despite their differences (see below), the results showed that both English-speaking and Chinese-speaking participants had similar responses to the parks. These results agree with other studies which have used simulated parks to elicit well-being improvements. Videos of urban and natural parks shown to Australian participants resulted in lower negative affect and higher positive affect compared with an urban control (McAllister, Bhullar and Schutte, 2017). More recently, researchers measured levels of happiness, calm and anger in response to images of three park types: parks with green vegetation, parks with colourful (man-made) amenities and sculptures and squares with pleasant architecture but no vegetation. Green parks elicited higher happiness and calm and lower anger than both colourful and non-vegetated parks (Rapuano et al., 2022). In China, videos of urban parks produced stress recovery and decreased anxiety in participants who were previously stressed (Wang et al., 2016). In the current study, Chinese-speaking participants reported reduced Negative Affect after virtually visiting the park, however, their Joviality and Serenity improved significantly only for those who received the stress induction (i.e. had higher levels of stress). This suggests that contact with green spaces (and their biodiversity) could have different benefits for stressed and unstressed individuals. Even if the exposure to the park was short and limited to visual (online) stimulation (Elsadek, Liu and Xie, 2020), stressed individuals seemed happier and more relaxed. 
[bookmark: _Toc179962379]Actual biodiversity was not associated with better or worse emotional well-being
The analysis showed that parks at different levels of biodiversity did not produce different responses. These results contradict the expectations for the first research hypothesis (i.e. more biodiversity elicits better well-being) because both higher and lower biodiversity performed similarly. To make these results more robust, the diversity of flower colours, which may overlap with plant biodiversity (Hoyle et al., 2018), was controlled. Exposure to biodiversity was also made consistent throughout the tour by working with identical planting blocks, which showed the same plant species and abundance.
Previous studies have reported similar neutral effects of actual biodiversity. For example, (Van Den Berg, Jorgensen and Wilson, 2014) relaxed pre-stressed participants by showing them a video featuring three green spaces (which had different biodiversity levels) or an urban control; they observed a significant mood improvement comparing the green spaces with the control, but no differences comparing the three green spaces. Similarly, (Douglas and Evans, 2022) did not observe significant differences in attention restoration and cognitive improvement after exposing their participants to videos with 8 or 2 species of birds singing. In contrast, in-situ studies of urban parks in the UK, have correlated higher biodiversity with increased positive affect (Cameron et al., 2020) and higher attention restoration (Wood et al., 2018). These differences could be explained by the different types of contact with biodiversity, direct vs indirect (i.e. video-based). Although media-based studies provide access to a wider population and allow better control of the experimental conditions (e.g. the same exposure, the same weather, the same park), in-situ measurements of well-being are likely to reflect a richer experience, which can include multi-sensory stimulation and engagement with biodiversity, in turn producing stronger feelings, especially for the Positive affect (Browning, Mimnaugh, et al., 2020).
Ultimately, even if there was no direct effect of the park biodiversity level on emotional well-being, there was no indication that increasing the number of plant species could be detrimental to the affective states. This finding provides evidence against the notion that high plant biodiversity may produce negative outcomes on wellbeing (Dallimer et al., 2012). Such contrast may reflect a comparison between designed and semi-natural green spaces (as in Dallimer et al.), in which denser, untamed vegetation may have prompted feelings of unsafety (Jorgensen, Hitchmough and Dunnett, 2007). Instead, the virtual park was designed to feel unthreatening, being not crowded and without large animals (e.g. dogs). Although not conclusive, this evidence has value for the development of nature-based solutions. Since enhancing biodiversity is important to maintain the functionality of other ecosystem services (Fisher et al., 2021), appropriately designing biodiversity could minimise the risk of negative well-being outcomes.
[bookmark: _Toc179962380]Higher perceived biodiversity predicted higher positive affect
Although actual biodiversity showed a neutral effect on emotional well-being, this varied significantly across the levels of perceived biodiversity (i.e. the amount of species people estimated in the park). A few nuances were found, depending on the stress condition and the language group. English-speaking participants who perceived a medium or a high level of biodiversity showed a higher increase in Joviality and Serenity, and a greater reduction in Negative Affect, than those who perceived the park as not biodiverse. Perceiving low biodiversity was also associated with reduced Joviality and Serenity, but only in unstressed participants. Unstressed participants may have experienced boredom due to the perceived low biodiversity, while their stressed counterparts felt uplifted. This again suggests that stress levels may play a role in the recovery process, in this case making a boring park able to induce joy and calm. Chinese-speaking participants who perceived High biodiversity reported only increased Positive affect (Joviality and Serenity) compared to those who perceived low or medium biodiversity. These results are in line with previous studies that have found a positive effect on mental well-being more associated with perceived biodiversity than actual biodiversity (Gonçalves et al., 2021; Reining, Lemieux and Doherty, 2021).
Interestingly, despite the parks’ biodiversity being designed to be obvious, featuring attractive flamboyant flowers and non-threatening, endearing animals, all park variations received similar ratings of perceived biodiversity. Both the parks with 15 species (low biodiversity) and those with 28 species (high biodiversity) were perceived as “high” in biodiversity (i.e. having “a lot” of species) by roughly 60% of the English-speaking participants (Supporting information, Tables 8-9). This inaccurate estimation of the species richness from the public is not unprecedented (Lindemann-Matthies and Bose, 2008) and has sometimes been defined as the “people-biodiversity paradox” (Assaf Shwartz et al., 2014; Pett et al., 2016). Members of the public would prefer and feel better in spaces that they believe are very biodiverse but they would be unable to recognise the actual biodiversity of that space. Under this perspective, the results from this experiment are in line with Dallimer and colleagues (2012), whose participants reported higher well-being when perceiving a place as biodiverse, irrespectively of its actual biodiversity.
There are a few possible explanations about why the participants may have perceived all parks as similar in biodiversity. The vegetation structure, which included a low-density tree layer and three levels of height for the flowering plants (creeping, knee-high and waist-high), was kept consistent. The vegetation coverage has been cited as an important predictor of perceived biodiversity (Schebella et al., 2019), therefore the regular presence of the same trees and planting blocks across the park variations could have prompted similar perceptions. Another possible explanation is that perceptions of biodiversity could also be non-linear. Hypothetically, it may be easier to correctly perceive biodiversity when it is at the extremes (i.e. too little or too abundant) than when it is at any levels in between.
Finally, noticing the animals and the trees seemed to reduce Negative Affect and increase Serenity for some English-speaking participants. Noticing flowers instead had no effect, contrary to the expectations. For Chinese-speaking participants, noticing flowers and grasses (草地)was instead associated with improved Joviality and Serenity, but only if the participants were stressed. 
[bookmark: _Toc179962381]Cross-cultural findings
The analysis of the comments showed that the two language groups noticed different features. This could be due to the screen size of the device used to explore the park. The two groups also differed in the device used to take part in the study, as one group used mostly mobile devices (Chinese-speaking) while the other favoured laptops or larger screens (English-speaking). On a desktop/laptop, animals would have been much more noticeable than on a mobile screen.
The composition of the two language groups differed in many ways. Demographically, in terms of gender (Female English-speaking = 65%, Chinese-speaking = 35%), average age (Chinese-speaking participants were on average 10 years older than English-speaking participants) and Education Level. Nature connectedness was also different, with 50% of the Chinese-speaking sample reporting high Nature connectedness, compared with 30% of the English-speaking sample. This may suggest a different conceptualisation of Nature and Self in the Chinese context, although the INS scale has been argued to be reliable in cross-cultural comparisons (Liu et al., 2023). Chinese-speaking participants also reported a weaker effect of the stressor alarm compared with the English-speaking respondents, which could be explained by their age and reduced sensitivity to that particular sound. 
Despite these differences, both groups showed comparable improvements after their virtual tour of the park. This supports the notion proposed in previous studies that benefits provided by parks, including perceiving biodiversity, can go beyond geographical and cultural boundaries (Wood et al., 2018). For instance, in their analysis of psychological and physiological responses to different parks, (Elsadek et al., 2019) found that Japanese and Canadian students were statistically similar. Sentiment analysis from a vast social network dataset (Huai and Van De Voorde, 2022) showed that park users in Brussels (Belgium) and Shanghai (China) substantially agreed on what park features were positive. Perceived benefits provided by parks, such as “happiness” and “relaxation”, were also argued to be the same in Turkey and in the UK (Özgüner, 2011), despite how the park was used being different in the two cultures.
[bookmark: _Toc179962382]Limitations
Despite the robust control exerted over the data collection and analysis, a few factors limit the generalisation of these findings. First, this experiment focused on short-term improvement of well-being following exposure to virtual green space.
Further, the interaction with the park’s biodiversity was only indirect and limited to visual stimulations. Although indirect interactions are easier to control and can reach larger audiences, it is possible that without the physical presence the effect of biodiversity may have been underestimated.
Finally, it is not clear what features were driving the perceptions of biodiversity. These seemed unrelated to the actual species number. Some hints from the comments suggested that noticing specific features of the park’s biodiversity could be beneficial for well-being.
[bookmark: _Toc179962383]Conclusion
In summary, this experiment provided cross-cultural evidence of the beneficial effect of viewing a virtual park on mental well-being. Despite the demographic differences in the two language samples, the analyses showed similar responses, such as the significant improvement of the affective states when perceiving higher biodiversity and more evident improvement when recovering from a stressful event. This contributes to the previous notions that parks can be important providers of mental well-being, especially for those who are stressed. Although the level of biodiversity per se did not show a significant effect on well-being, we found no evidence that high park biodiversity could be detrimental. 
The implications for landscape management and design are multiple. This is compelling evidence that managing green spaces to increase biodiversity can be promoted without reducing the well-being provisioning. More biodiverse parks are more resilient against climate change and provide more ecosystem services. More importantly, designers of green spaces could aim to increase the perceived biodiversity, which has shown the potential to improve the well-being provided. Helping people to notice, perhaps through guided walks, signage and educational activities might help increase their perception and noticing of biodiversity and therefore offer more well-being benefits. The role of managers in sustaining and enhancing park landscapes for biodiversity is not to be underestimated, given the potential benefits for long-term well-being.
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Green spaces can positively influence mental well-being, and virtual green spaces could provide a measure of this benefit to those who cannot access green space directly. Whether virtual green spaces provide even more well-being if they show a higher number of plants and animals (i.e. higher virtual species richness) remains uncertain.
In this study, over 400 online participants virtually explored one of these three environments: a car park (with no species), a lower species richness park (15 species) or a higher species richness park (28 species). The analysis compared the participants’ emotional states, measured at baseline, after stress induction and after spending about 3 minutes in the virtual environment. A group of participants (N = 52) took part in the experiment in a lab setting, so that their physiological stress recovery, measured as heart rate variability, could be recorded.
The results showed that positive emotions increased after virtually visiting the two green parks but not the car park. The car park was also marginally worse at reducing negative emotions. However, there were no statistical differences between the lower and the higher species richness parks. Further, no significant differences due to the environment were observed in the heart rate variability.
These results support the notion that virtual green spaces improve well-being in the form of stress recovery and improved mood. To a degree, the species richness in these green spaces seems to have the potential to improve positive emotions, although the ideal number of species remains undefined.
[bookmark: _Toc179962388]Introduction
The exposure to green spaces and natural environments is important for human well-being (Frumkin et al., 2017). Even when considering the sole mental well-being, green spaces have been cited as providers of several benefits, including reductions in stress (Chen, Yu and Lee, 2018) and anxiety (Browning et al., 2023), improvements in mood (Bardhan et al., 2023), better memory (Pilotti et al., 2015) and attentional capacity (Van Den Bogerd et al., 2018). The mechanisms behind these benefits have been theorised by the Attention Restoration theory (Kaplan, 1995) and the Stress recovery theory (Ulrich et al., 1991). Despite the differences between them, both theories recognised the importance of green spaces and natural environments in restoring mental energies and reducing the presence of stressors (Berto, 2014).
Interestingly, it seems that exposure to green spaces does not need to be direct (i.e. in situ) to improve mental well-being (Lee et al., 2022; Nukarinen et al., 2022). Using virtual exposure – i.e. exposing participants to green spaces with visual media – researchers observed improved mental well-being in participants who were exposed to pictures (Ulrich, 1983), slideshows (Johansson et al., 2014) and videos (Van Den Berg, Jorgensen and Wilson, 2014). More recently, the use of digital media has increased the quantity and quality of these studies, achieving new levels of simulation. For instance, Browning, Mimnaugh, et al., (2020) compared the effect of viewing a 360-degree video of woodland with the effect of being in the same woodland or resting in front of a white wall (control). Both real and virtual exposure to the woodland improved positive emotions, compared with the control condition (resting in front of a white wall).
Considering that the visual quality of these media can induce a sense of “being there” in the viewer (Chirico and Gaggioli, 2019; Ausin-Azofra et al., 2021), it lays the foundation for novel investigation on restorative environments. In addition, these media allow finer control of the experimental variables (e.g. the weather conditions of a virtual setting will be consistent), which is not always feasible in outdoor setups. Further,  virtual nature could also open up more opportunities to reach groups of participants who are not usually well-represented in restorative studies (Guyot et al., 2023). For example, hospitalised patients, mobility-impaired people and prisoners cannot access green spaces easily and yet they would theoretically benefit the most from the exposure. Recently, 360-degree media were successfully used to increase the well-being of vulnerable participants, including participants in lockdown during the COVID-19 pandemic (Zabini et al., 2020), pregnant women – whose mobility is usually reduced – (Sun et al., 2023) and hypersensitive patients (Jo, Lee and Jeon, 2022). In another intervention, a combination of high-quality nature videos and guided mindfulness exercises was successfully used to elicit physical sensations in mobility-impaired participants (McEwan et al., 2023). Through the activation of the mirror neurons, these participants reported that they could feel the textures of trees and moss when the video showed the guide’s hand touching these surfaces. Despite these exceptional results, being in a real green space tends to be more effective than a virtual simulation (McMahan and Estes, 2015; Browning, Shipley, et al., 2020), so more research is needed to understand if virtual green spaces can provide consistent well-being improvements.
Although the notion that green spaces support well-being is evidenced by decades of research (Kondo et al., 2018; Bratman et al., 2019), it remains unclear what elements of green space contribute more to mental well-being. The question is not “Will a walk in the park improve mental well-being?” but rather “Will a walk in any park improve mental well-being?”. Biodiversity – i.e. “the variability among living organisms from all sources including, inter alia, terrestrial, marine and other aquatic ecosystems and the ecological complexes of which they are part: this includes diversity within species, between species and of ecosystems.” (United Nations, 1992) – is a fundamental element of the landscape and has been cited as beneficial for human well-being (Fuller et al., 2007; Carrus et al., 2015; Methorst et al., 2021). For example, high biodiversity in green spaces has been linked to high attention restoration (Wood et al., 2018) and improved mood (Cox et al., 2017). However other studies have suggested that biodiversity could also be detrimental. Dallimer et al., (2012) found that high plant diversity in seminatural areas correlated with reduced well-being, possibly due to the untended looking of these green spaces which may have induced feelings of insecurity (Jorgensen, Hitchmough and Dunnett, 2007). In a tropical context, dense planting may imply an increased chance of encountering venomous snakes (Ibrahim, Clayden and Cameron, 2020). Finally, some studies observed that it was not actual species richness (i.e. the measured number of species present) but it was rather the perceived species richness (i.e. the number of species that one estimates to be present) that was associated with improvements in wellbeing (e.g. Gonçalves et al., 2021; Reining, Lemieux and Doherty, 2021). This predominance of the perceived species richness was also confirmed by a stress recovery experiment which used 360-degree videos at four different levels of species richness (Farris, Dempsey, et al., 2024) and its replication in a broader cultural context (Farris, Zhang, et al., 2024), although the perceptions were qualitatively categorised (e.g. “a few” species were perceived) and not numerically quantified (e.g. 10 species perceived).
Virtual exposure to species richness was used in the past to investigate different well-being benefits. Wolf et al. (2017), compared the responses to videos with different numbers of species of trees and birds. These videos were short (about 2 minutes) and showed either 1 or 4 species. Those participants who watched the videos with more species reported higher increases in positive affect and greater reductions in anxiety, compared with those who watched the monospecific videos. In another study, Schebella et al. (2020) analysed stress recovery in four environments, including an urban control, which were virtually simulated with 360-degree images, sounds and smells. The results showed that the conditions with two vegetation layers (defined as “low biodiversity”) produced the highest recovery from stress. More recently, Douglas and Evans (2022) used birdsongs to manipulate biodiversity in their videos. Over the 3 minutes of the video, the participants could hear songs by either 1 or 8 species of birds. The participants enjoyed more the high biodiversity video than the low biodiversity video, but the results showed no differences between the groups in terms of perceived restoration and attentional capacity.
[bookmark: _Toc179962389]Scope of the present study
Despite several of the studies discussed above having used virtual nature to produce stress recovery and well-being in their participants, only a few of them actively manipulated species richness (Wolf et al., 2017; Schebella et al., 2020; Douglas and Evans, 2022). At the same time, most of these studies showed different green spaces, introducing a potential confounder. For example, the effect of the biodiversity could have been entangled with other characteristics of the virtual environment, such as the vegetation density.
This design choice was addressed in two stress recovery studies (Farris, Dempsey, et al., 2024; Farris, Zhang, et al., 2024), which compared a series of virtual environments where only the number of species and their characteristics (e.g. flower colours, plant height) would change. However, those experiments did not have an urban control. Previous studies have highlighted that some urban environments can provide a measure of stress recovery and attention restoration. For instance, students imagining themselves in non-crowded cafes or malls reported good attention restoration likelihood, comparable with another group of students imagining themselves in a park (Staats et al., 2016). Further, Stigsdotter et al. (2017) observed that a walk in a low-traffic area of the historic centre of Copenhagen had a stress recovery effect similar to a walk in an urban forest. Squares and plazas were also found to be restorative. San Juan, Subiza-Pérez and Vozmediano, (2017) compared the responses to two urban squares in Malaga (Spain) and found that participants who spent 30 minutes contemplating and exploring both environments reported improved attention restoration and stress recovery. However, the stress recovery was higher in the square with less vegetation. A similar intervention in Finland, also comparing two squares (Subiza-Pérez, Vozmediano and San Juan, 2019), observed an increase in attention restoration and a decrease in Negative Affect (i.e. emotional indicator of stress) after spending 20 minutes in either setting. However, there was no increase in the Positive Affect (i.e. emotional indicator of enjoyment and relaxation) The researchers however acknowledged that the small sample size (N = 34) limited the confidence in the results.
Previous studies have also looked at the physiological responses to virtual nature. Researchers have measured skin conductance (Elsadek, Liu and Xie, 2020), heart rate variability (Stigsdotter et al., 2017) and muscle tension (Largo-Wight, O’Hara and Chen, 2016) as indicators of the activity of the autonomous nervous system. This dominion of the brain regulates the stress response and recovery, so it provides a more objective measure of restorative effects compared with self-reported measures. Although recent reviews of the literature show that physiological indicators can improve following exposure to virtual nature (Gentile et al., 2023), it was also acknowledged that some studies have reported inconclusive results.
The present study compared the stress recovery responses to three alternative versions of the same virtual environment – i.e. having the same dimension, layout and urban context. Two versions were vegetated green spaces,  and one was left as a “grey space” (i.e. without vegetation).
Considering the potential for species-rich virtual green spaces as providers of well-being, a new experiment was set up to address the following research hypotheses:
1. A short exposure to virtual species richness will improve emotional well-being
2. A short exposure to virtual species richness will improve physiological indicators of stress recovery 
3. Actual and perceived virtual species richness will similarly improve well-being 
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[bookmark: _Toc179962391]Park treatment and biodiversity level
The virtual park was elaborated in Google SketchUp and Lumion Pro (ver. 12) and was approximately 10000 square meters in size. meters and featured a paved path where each participant could “walk”. Thirty three-dimensional photos of the park were linked together with Marzipano (http://www.marzipano.net), so that the participant could “walk” from one image to another, following a paved concrete path. The experience resulted similar to Google’s “Street View”. To achieve a credible effect, the park also included benches, rubbish bins and some human models.
The virtual environment had three variations (Treatments, Table 1) which were used to expose the participants to different levels of biodiversity. Two were vegetated parks, featuring trees, mown lawns and flowered borders, and were identical in every aspect except for the number of species (i.e. species richness). The introduced species were digital models of trees, flowering plants and small animals, arranged to be noticeable in all of the images. To produce the non-vegetated environment, all models of plants (including trees and the lawn) and non-human animals. The intention was to create a square with the same layout as the two parks but without any vegetation, which was present in previous studies (San Juan, Subiza-Pérez and Vozmediano, 2017; Subiza-Pérez, Vozmediano and San Juan, 2019). However, the resulting space appeared empty and therefore not a good comparison with the other environments, which had several visual levels, due to the planting. The comparison would have then been between natural content and emptiness, limiting the scope of the urban environment. The addition of monuments, water features or artistic installation could have created a potential confounder, as these elements have been shown to be associated with improved well-being (Stigsdotter et al., 2017). Therefore, digital models of cars were added to create one level of visual content, made by artificial objects. Cars have been argued to be associated with a range of emotions, both positive and negative (Sheller, 2004), therefore having the potential to induce changes in emotional well-being. The car park virtual tour was identical to the green parks in terms of layout, extension, surrounding buildings, presence of people and lighting.
To control for the potential confounding effect of flower colours (and car colours), which can improve positive emotions per se (Sheller, 2004; Elsadek and Liu, 2020; Zhang, Dempsey and Cameron, 2023), the colour scheme of the digital flowers was kept constant in the two green variations of the park – i.e. limited to blue, pink, purple and white. In the car park, the vehicles were also of different colours (blue, black, grey, red, white). The choice of colours for both flowers and cars, representing colour spectrums commonly found for each in vivo; i.e. no atypical flower or car colours were used.  No sounds were reproduced as a background during the tour to avoid possible incongruences between sensory stimuli (e.g. a dynamic soundscape associated with a static image) (Schreuder et al., 2016).
Table 1. Summary of the characteristics selected for the virtual park treatments.
	Treatment
	Species count
	Colours of flowers or vehicles

	High species richness (Figure 1)
	28 (10 trees, 12 herbs or shrubs,  4 birds, 2 mammals)
	Blue, pink, purple, white

	Low species richness (Figure 2)
	15 (10 trees, 3 herbs or shrubs, 2 birds)
	Blue, pink, purple, white

	No species richness (Figure 3)
	none
	Blue, black, grey, red, white
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Figure 1. View of the High species richness park
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Figure 2. View of the Low species richness park
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Figure 3. View of the “Car park” treatment
[bookmark: _Toc179962392]Participants and ethics statement
This study involved two groups of participants. A large group was recruited online (N = 400) and a replication face-to-face with a smaller group was recruited among the University of Sheffield students and staff from a variety of disciplinary backgrounds to help reduce disciplinary bias (N = 52). The replication aimed to try and correlate the psychological self-reported measures (affective states) with the heart rate variability (HRV) as an indicator of physiological stress and recovery. The online sample was recruited on Prolific.com, which is an online platform where participants can take part in online research for a fee (Douglas, Ewell and Brauer, 2023). Data collection took place from May 2023 to December 2023. Online participants received £1.75 for their participation, which lasted 10 minutes (equivalent to £10/h). Face-to-face participants received £10 for their participation, which took about 1 hour. The different duration between the two groups is explained by the longer time needed to reach the laboratory, and to wear and calibrate the sensors. The study was reviewed and approved by the Department of Landscape Architecture Ethics Committee (Approval Refs. 039698 and 046104).
[bookmark: _Toc179962393]Measures
The affective states were measured using two subscales from the PANAS-X (Watson and Clark, 1994), Joviality and Relaxation, measuring the high arousal and low arousal Positive Affect, respectively (McManus, Siegel and Nakamura, 2019). The Negative Affect was measured using the homonymous subscale from the I-PANAS-SF (Thompson, 2007). Combined, these subscales formed a questionnaire of 16 emotional states, that the participant could rank from not at all to extremely (a 1-5 Likert scale) depending on how intensely they were feeling a given emotion at each stage of the procedure. An attention checker was included in the post-stressor and post-environment questionnaires. This asked the participant to select a specific value from the Likert scale to check whether they were paying attention or just clicking through the survey.
The perceptions of species richness were measured on a four-point Likert scale (Cameron et al., 2020), ranging from “none” to “a lot”. Participants were asked “How many types of plants/trees/animals could you see in the virtual tour?”. This measure allowed the participants to rate their perceptions of species richness into broad categories. The disadvantage is that without counting or receiving numerical guidance (e.g. “a lot” = “35 species or more”), quantification of perceived species richness is limited. This was a trade-off between completion time and quantification.
To ensure a balanced randomisation to each environment variation, the participants reported their age group, gender, ethnicity and educational level. In addition, one question asked about the level of their nature connectedness, using the visual seven-point Likert scale from Schultz (2002). Finally, to control for the novelty effect, one question asked if the participant had experienced a virtual tour in the past.
The heart rate variability was continuously recorded using the Polar H10 monitor (www.polar.com), which offers sufficient accuracy compared to a standard Holter device (Gilgen-Ammann, Schweizer and Wyss, 2019), but at a fraction of the cost. This is composed of a detachable recorder and elastic band with a conductive rubber layer hosting the electrodes. The device was positioned on the lower part of the sternum, below the line of pectoral muscles. The heart rate signal was recorded on a smartphone via Bluetooth. To avoid excessive changes in blood pressure during the recording, the participant was instructed to remain seated with both feet lying flat and the arms resting on the table and to avoid excessive movement (e.g. stretching an arm).
[bookmark: _Toc179962394]Procedure
After being informed about the study, the participants from both groups provided written consent by completing the consent form (either on paper or online). Instructions provided on-screen asked the participants to focus on the survey procedure and to wear headphones. Instructions for each task were provided.
The participants reported their Negative and Positive affective states three times: at baseline (stage 1), after listening to a loud siren sound as the stressor (stage 2), and after exploring one of the three environment variations to relax (stage 3). The assignment of the virtual tour was randomised and each participant had three minutes to explore their environment.
Each participant was then asked to rate their perceptions of the environment's species richness, after which they were thanked, debriefed and compensated. Figure 4 illustrates the procedure for the online group and face-to-face.
The only difference for face-to-face participants was the recording of the heart rate variability. The participants were asked to avoid caffeinated drinks for two hours before their appointment (Laborde, Mosley and Thayer, 2017). After providing consent, the participants were shown how to wear the heart monitor device, and one of the researchers checked that they felt comfortable and that the device was correctly operating. The baseline heart rate variability was measured for three minutes after the participant had provided their demographics and before reporting their affective states for the first time. The participants were instructed to relax, avoid movements and keep their eyes open. After this stage, the procedure continued as in the online study.
[image: ]
Figure 4. Flowchart of the experimental procedure. HRV = heart rate variability
[bookmark: _Toc179962395]Data Processing
[bookmark: _Hlk156917831]The Affective scores (Joviality, Serenity, Negative Affect) were calculated as the average of the ratings of each subscale. The heart rate signal was initially processed by extracting the time intervals (in milliseconds) between one beat and the next from the electrocardiogram. This was done with the Polar Sensor Logger app for Android (Happonen, 2023). The heart rate variability indexes were calculated on Kubios HRV Standard (version 3.5.0; www.kubios.com). The root mean square of successive differences (RMSSD), the high-frequency power (HF) and the high frequency were calculated as indicators of the parasympathetic activity (i.e. stress recovery), as recommended by (Laborde, Mosley and Thayer, 2017). The low-frequency ratio (LF/HF) was selected as an indicator of the sympathetic activity (i.e. stress levels). The heart rate variability values at baseline and during the park, each lasting for three minutes, were calculated as the average of three one-minute-long subsections. This ensured that the three stages of the procedure had comparable HRV values (Laborde, Mosley and Thayer, 2017).
[bookmark: _Toc179962396]Statistical analysis
Responses to the survey that met these criteria were excluded: 1) incomplete questionnaires; 2) wrong answers to the attention checks; 3) multiple submissions, identified by the same IP address and demographic information.
All statistical analyses were performed on SPSS (version 29) for Windows. The distribution of demographic information across the treatment group was explored with crosstabulations. A mixed repeated measures analysis of variance (mixed ANOVA) was carried out to highlight any differences in the response to the park variations. The dependent variables were: Negative Affect, Positive Affect (Joviality and Relaxation assessed independently) and the three indexes of the heart rate variability (RMSSD, HF, LF/HF). Time (i.e. the stage of the procedure) was the ‘within-subjects’ variable, while the environment’s level of species richness (i.e. none, low, high) and the perceived species richness were the ‘between-subject’ variables. An interaction term between time and species richness was included in the model, highlighting whether any of the conditions differed from the others at any point of the procedure. Whenever the assumption of sphericity was violated, the Greenhouse-Geisser correction was applied to produce more accurate P-values (Greenhouse and Geisser, 1959). Data for RMSSD was log-transformed due to deviations from normal distribution, as recommended by Laborde et al. (2017). Finally, post-hoc comparisons were utilised via the Bonferroni correction, facilitating multiple comparisons across mean values.
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Descriptive statistics
The online survey collected 424 responses, and 28 were removed according to the exclusion criteria. The remaining 396 responses were included in the analysis. Most respondents were females (63%) (Table 2). About 80% of the participants were 18 to 55 years old, while participants aged over 55 were 15-20%. Ethnicity was predominantly white (81.3%), followed by Asian (11.6%); Black and other ethnic groups accounted for about 7% of the sample. The education level was high, with most participants having a bachelor's degree (45%) or above (30%) (Table 2). 70% of the participants reported having used a virtual tour in the past, and only 9 (2.3%) participants declared to have some form of colour blindness. 
Table 2. Demographic characteristics of participants in each experimental group
	Measure
	Car park
N = 141
	Low Biodiversity Park
N = 126
	High Biodiversity Park
N = 129

	Gender

	Male
	36.9%
	34.9%
	31.8%

	Female
	61.7%
	62.7%
	65.9%

	Non-binary/third gender
	<1%
	2.4%
	2.3%

	Prefer not to say
	<1%
	-
	-

	Age category

	18 - 24
	17.7%
	17.5%
	17.8%

	25 - 34
	22%
	27.8%
	23.3%

	35 - 44
	22.7%
	17.5%
	20.9%

	45 - 54
	18.4%
	20.6%
	17.1%

	55 - 64
	14.2%
	8.7%
	13.2%

	65+
	4.9%
	8%
	7.8%

	Ethnicity

	White
	78%
	79.4%
	87.5%

	Mixed/Multiple ethnic groups
	4.3%
	5.6%
	1.6%

	Asian
	12.1%
	12.7%
	10.2%

	Black/African/Caribbean
	5.7%
	2.4%
	-

	Other ethnic group (self-described)
	-
	-
	0.8%

	Education

	High school, GCSE or equivalent
	26.2%
	26.2%
	37.2%

	Bachelor or equivalent
	49.6%
	45.2%
	41.9%

	Masters or equivalent
	21.3%
	24.6%
	19.4%

	Doctoral or equivalent
	2.8%
	4%
	1.6%



Affective response to the levels of species richness
The Positive Affect (Joviality and Serenity) scores were affected by both the time in the procedure and the level of species richness being viewed, i.e. there were significant interactions (Table 3). There was no significant interaction for Negative Affect (Table 3), but the stage of the procedure had a strong influence (going up after the stressor). 
Table 2. Summary of the mixed ANOVA. Dependent variable: actual species richness
	Affective indicator
	Analysis component
	F
	P-value
	Partial eta squared

	Joviality
	Stage of the procedure1
[bookmark: _Hlk178688753]Environment species richness2
Interaction3
	88.47
3.274
27.98
	<0.001
0.039
<0.001
	0.184
0.016
0.125

	Serenity
	Stage of the procedure
Environment species richness
Interaction
	203.6
1.538
13.151
	<0.001
0.216
<0.001
	0.341
0.008
0.063

	Negative Affect
	Stage of the procedure
Environment species richness
Interaction
	88.75
2.536
0.586
	<0.001
0.08
0.65
	0.184
0.013
0.003


1 Whitin-subjects component, 2 Between-subjects component, 3 Within-between-subjects interaction.
The mixed ANOVA showed that all the affect indicators varied during the procedure. The Joviality and Serenity scores decreased after the stressor (stage 2), while Negative Affect increased. After the virtual visit (stage 3), the Joviality scores increased beyond the baseline level for the two green parks but decreased for the car park visitors (Figure 5). Serenity scores increased after the virtual environments, but to a lesser degree in the car park condition compared with the two green parks. Negative affect was reduced after exploring any of the environments (Figure 6). Post-hoc comparisons showed no differences (p > 0.05) between the two vegetated parks in all affective indicators.
   
Figure 5. Mean affective values for Joviality (Left) and Serenity (Right) at the three stages of the experiment for each level of actual species richness
 
Figure 6. Mean Negative Affect values at the three stages of the experiment for each level of actual species richness.


[bookmark: _Toc179962399]Affective response to the perceived species richness
The participants’ perceived number of species was in line with the environments’ grey-green axis, with most participants perceiving zero species in the car park and similar numbers of participants perceiving some or a lot of species in the two green parks (Table 4).
Table 4. Count of the participants’ perceptions of biodiversity in each virtual environment.
	Perceived biodiversity
	Car park
	Low biodiversity park
	High biodiversity park

	No species
	101
	1
	0

	A few
	21
	5
	3

	Some
	17
	42
	33

	A lot
	2
	78
	93



The mixed ANOVA showed a significant interaction effect of the perceived species richness over all of the affective scores (Table 5). Post hoc tests showed that after visiting the virtual environment, those who perceived zero species showed significantly lower Joviality and Serenity and higher Negative Affect, compared with those who perceived some or a lot of species (Figures 7 and 8). Since 99% of those who perceived “no species” were conflated with the car park virtual environment, another mixed ANOVA model was used to compare the effect of perceiving “a few” species or more on the emotional response (Table 5, in parenthesis). The analysis showed that those who perceived “a lot” of species had increased Joviality (but not improved Serenity or negative Affect) after visiting the virtual environment, compared with those who perceived “some species” or less. However, post-hoc comparisons showed that this difference in Joviality was not statistically significant (p > 0.10).
Table 5. Summary of the mixed ANOVA. Dependent variable: perceived species richness
	Affective indicator
	Analysis component
	F
	P-value
	Partial eta squared

	Joviality
	Stage of the procedure1
Perc. species richness2
Interaction3
	47.11 (39.6)
3.76 (0.58)
21.96 (5.71)
	<0.001 (<0.001)
0.011 (0.56)
<0.001 (<0.001)
	0.107
0.028
0.144

	Serenity
	Stage of the procedure
Perc. species richness
Interaction
	124.9 (92.1)
1.02 (0.36)
9.74 (3.06)
	<0.001 (<0.001)
0.385 (0.7)
<0.001 (0.17)
	0.242
0.008
0.069

	Negative Affect
	Stage of the procedure
Perc. species richness
Interaction
	49.01 (41.9)
2.536 (2.46)
2.4 (1.55)
	<0.001 (<0.001)
0.157 (0.08)
0.034 (0.198)
	0.111
0.013
0.018


1 Whitin-subjects component, 2 Between-subjects component, 3 Within-between-subjects interaction. Values shown in parenthesis represent the model without the lowest category of perceptions “no-species”.
 
Figure 7. Mean affective values for Joviality (Left) and Serenity (Right) at the three stages of the experiment for each level of perceived biodiversity.

Figure 8. Mean Negative Affect values at the three stages of the experiment for each level of perceived biodiversity.
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Face-to-face sample
Descriptive statistics
A convenience sample of 52 participants took part in the experiment. Participants were 73% female; the average age was 30 (SD = 6.7 years) and the most common ethnicities were Asian (52%) and White (29%). 71% of the participants reported a Nature connectedness of 5 and 6 (i.e. medium to high).
Effect of actual and perceived species richness on the affective scores
A mixed ANOVA showed that all three affective states changed during the procedure (within-subject effect’s p-value always < 0.001), but there was no main effect of the environment species richness between any of the groups (i.e. between-subjects effect’s p-value were always > 0.05). As in the case of the online sample, the analysis highlighted a significant interaction for Joviality (F = 9.44, p < 0.001) and Serenity (F = 6.48, p < 0.001); the interaction for the Negative Affect was significant at the 90% confidence interval (F = 9.44, p = 0.07). Post hoc tests, showed that, after the environment exposure, Joviality and Serenity increased for participants who had seen the two green parks, but not for those assigned to the car park (p < 0.001). The Negative Affect was reduced in all three parks but post hoc tests highlighted a significant difference between the high species richness park and the car park (p = 0.03).
     
Figure 9. Mean affective values for Joviality (Left) and Serenity (Right) at the three stages of the experiment for each level of actual biodiversity.
 
Figure 10. Mean Negative Affect values at the three stages of the experiment for each level of actual biodiversity.
The perceived species richness showed a similar interaction effect but this was limited to the Positive Affect (i.e. Joviality and Serenity). Post hoc tests showed that, after exploring the environments, Joviality and serenity were significantly higher in those who reported having seen a lot of species than in those who had seen none (p < 0.001). However, as in the online sample, all those who perceived “no species” were conflated in the car park tour. Removing these participants from the analysis confirmed the interaction effect on the Positive Affect scores, however, these differences were not significant in the post-hoc comparisons (p > 0.05).
Effect of actual and perceived species richness on the heart rate variability.
The analysis showed that the procedure produced some changes in the heart rate variability indicators but, statistically, there were no significant differences between the levels of biodiversity (Table 6). Only the High-Frequency heart rate variability showed a significant change at the 95% confidence interval and post hoc comparison showed that the HF decreased during the stressor (average change from baseline to stressor = -6, p = 0.01) and marginally increased during the environment exposure (average change from stressor to park = +2.5, p = 0.3). There was no effect of perceived species richness on the heart rate variability (i.e. all p-values > 0.05)


Table 6 Summary of the mixed ANOVA. Dependent variable: actual species richness
	HRV indicator
	Analysis component
	F
	P-value

	(Ln) RMSDD
	Stage of the procedure1
Environment species richness2
	2.94
0.6
	0.06
0.55

	High Frequency (normalised units)
	Stage of the procedure
Environment species richness
	3.76
0.78
	0.03
0.46

	Low frequency / High frequency ratio
	Stage of the procedure
Environment species richness
	2.81
0.85
	0.08
0.43


1 Whitin-subjects component, 2 Between-subjects component, 3 Within-between-subjects interaction.
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[bookmark: _Toc179962402]Short exposure to virtual green spaces improved emotional well-being
The results support the hypothesis that even a short and virtual exposure to green space can provide a noticeable boost to emotional well-being. Although the benefits of green space exposure on health become evident after longer exposure (Shanahan et al., 2016; Bardhan et al., 2023), virtually visiting a green park for 3 minutes increased the Positive Affect of the participants. This was especially noticeable in the Joviality scores (i.e. high arousal Positive Affect), which increased beyond the baseline levels for those who explored the green parks. These participants also showed that their Serenity was completely recovered (i.e. it returned close to the baseline level). Instead, the participants assigned to the car park felt their Joviality declining and their Serenity could not return to the baseline levels. This finding is in line with previous meta-analyses which argued that exposure to green space increased the Positive Affect more than it reduced the Negative Affect (McMahan and Estes, 2015; Yao, Zhang and Gong, 2021). On the other hand, this increase in Positive Affect contrasts with a meta-analysis comparing the effect of real green spaces against virtual ones (Browning, Shipley, et al., 2020), which found that the Positive Affect increased only in real green space settings. A possible explanation could be that few of the studies reviewed by Browning and colleagues involved a stress induction, which may increase the need to relax, or showed a designed space with many species and involved an active engagement from the participant as in the virtual tour.  
Interestingly, low Negative Affect was restored in all three park variations, including the car park. This suggests that quiet and calm urban spaces may be sufficient to reduce momentary stress. Some studies have shown that some built environments can increase well-being when not crowded (Staats et al., 2016) and with very low traffic (Stigsdotter et al., 2017). Nevertheless, as in Subiza-Pérez, Vozmediano and San Juan (2019), the reduction of Negative Affect in the car park was not matched by a full recovery in Positive Affect, suggesting that green spaces may be more effective at reducing stress levels after the stressor.
The results were generally similar for both online and face-to-face participants. However, the latter showed slightly larger changes in their affective scores (e.g. higher Negative Affect after the stressor, and higher-than-baseline Serenity after exploring a green park; see Figures 9-10). This could be due to the relaxation period used to record the baseline HRV, which could have increased the negative response to the stressor and prompted a stronger recovery. Finally, even when considering the very short exposure and the limitations of the virtual experience, these results support the notion that green spaces would be more suitable environments for recovery from stress than most urban spaces.
[bookmark: _Toc179962403]Actual and perceived species richness
The environments’ species richness was relevant to the recovery process but only in terms of comparing the absence of species with the presence of at least some species. Indeed, there was statistically no difference between the low and the high species richness parks. It is possible that the duration of the virtual tours was too short to highlight the differences between the two vegetated parks. However previous experimental studies which used longer exposures – e.g. 5 minutes (Schebella et al., 2020) or 10 minutes (Van Den Berg, Jorgensen and Wilson, 2014) – also found greater differences in stress recovery between an urban control and green spaces rather than between the green spaces (which were at different levels of species richness). However, differences between videos with higher and lower species richness were reported in the past. Wolf et al. (2017) were able to observe higher Positive affect and Vitality and lower Anxiety in their participants who watched a video with four species of trees than in those who watched a video with only one species. Similarly, Johansson et al. (2014) reported differences in psychological (self-reported emotions) and physiological (electroencephalography) measures in response to watching slideshows of three forest biotopes (at low, intermediate and high biodiversity; the species richness was not reported).
Another possibility is that the effect of species richness could be non-linear. In the car park, the absence of biodiversity was detrimental to Joviality and greatly reduced the recovery of Serenity. At the same time both Schebella et al (2020) and Johansson et al. (2014) observed the greatest benefits of simulated green spaces when species richness (or biodiversity) was at a low level (between three and eight visible species). Over that level, both studies reported diminishing returns. This may suggest the effect of biodiversity could quickly reach a plateau, explaining why there was no difference between 15 and 28 species. However, in a face-to-face experiment, arrangements of monocultures, 16, 32 and 64 species of herbaceous plants were shown to the participants for two minutes (Lindemann-Matthies and Matthies, 2018). The participants, who had received a stress induction, showed a higher recovery from stress in response to the arrangement of 32 species than in any other treatment. Again, this may suggest a non-linear effect of the species richness on stress recovery, though the ideal number of species seems difficult to infer. Future research using virtual environments could contribute by comparing the stress recovery to a finer degree in the low-medium range of species richness (e.g. starting with three species followed by regular increments of two to three species).
The actual and perceived species richness showed a similar effect on the emotional response. However, contrary to the actual species richness, the effect of the perceptions seemed linear. The more species richness the participants perceived, the higher the Positive Affect they reported. To a minor degree, this effect was observed in the Joviality score even when the analysis of the perceived biodiversity was restricted to those who perceived at least “a few” species – i.e. those who were assigned to the two green parks. This finding supports the notion that perceived biodiversity could be a stronger predictor of well-being than actual biodiversity (Dallimer et al., 2012; Reining, Lemieux and Doherty, 2021).
However, a closer examination of how many species the participants perceived in each treatment (Table 4) reveals that the perceived species richness diverged from the number of species shown. Surprisingly, 40 online participants (out of 141) who were assigned to the car park treatment, perceived “a few” or more species while there were none. It is possible that these online participants had lower engagement at that stage of the survey – as this was the final question – and some may simply have misunderstood the wording. However, there were also three face-to-face participants assigned to the car park who reported seeing “a few” species during the tour. This allowed the researchers to probe further about why they thought so. One participant identified some greenish spots of the pavement (Figure 3) as moss or lichens; another participant counted humans as animals; and the last one said there were trees visible far in the distance, outside the car park (although the question specifically asked about the car park itself). This suggests that some online participants may have perceived some species where there was none. It could also provide support to the hypothesised “People/Biodiversity paradox” (Pett et al., 2016) which argued that the public would prefer biodiverse green spaces while not being able to properly acknowledge the real biodiversity present.
This seems in line with the data, as 58% of the participants assigned to the lower species richness perceived park “a lot” of species, while 25% of those assigned to the higher species richness park perceived only “a few” or “some” species. This may also be due to the broad and unguided categorisation of the measure (Gyllin and Grahn, 2005), where the subjective meaning of “some” or “a lot” could have varied among the participants. Inaccuracy in perceiving species richness was reported by previous research work (Dallimer et al., 2012), and overestimation seems a common trend (Lindemann-Matthies and Bose, 2008; Assaf Shwartz et al., 2014). 
However, it is also possible that the two parks were perceived similarly due to the regular structure of their vegetation which included sparse trees and flowering plants at three different heights (short, medium and tall). As reported by Schebella et al. (2019), the structure of the vegetation is important in public perceptions of biodiversity. In addition, both the structure and the arrangement of the flowered blocks were kept consistent to ensure the participant would receive regular exposure while exploring the park. This regularity may have changed the overall perception of some participants.
[bookmark: _Toc179962404]Hearth rate variability
Despite the affective response varied depending on the environment treatment, the heart rate variability showed minimal to no changes. There were differences in some indicators between the baseline and the stressor stage but not between the stressor and the environment exposure stages. The parasympathetic indicators (RMSSD and HF) declined slightly after the stressor, while the LF/HF ratio increased. It is possible that in the present experiment the stimuli (the alarm and the virtual tour) did not elicit sufficient stress or recovery. In normal health conditions, the autonomous nervous system keeps the sympathetic and parasympathetic activity balanced in order to save energy (Richardson, McEwan, et al., 2016). Although the affective response was more sensitive to both the stressor and the environment, it is possible that the duration of the stimuli was too short to affect the physiological response.
However, significant physiological responses were reported in recent studies which used similar experimental designs and stimuli. These also had comparably small sample sizes and limited the exposure to virtual green spaces to a few minutes. For example, Jo, Park and Yeon (2021) observed a significant parasympathetic increase (HF and RMSSD) in a group of 20 Korean college students, after showing them a 360-degree video of a forest. Another Korean study (Jo, Lee and Jeon, 2022) reported an increase in SDNN (an HRV index indicating parasympathetic activity) after showing 3 minutes of green space to a group of 60 participants, who were previously stressed. Increases in High-Frequency heart rate variability and decreases in the LF/HF ratio were also observed in a sample of employees in Singapore, after they had gazed at a nearby park from the office’s window (Elsadek, Liu and Xie, 2020) and after close observation of a flowering vase (Elsadek and Liu, 2020). Both exposure times were only 3 minutes long.
[bookmark: _Toc179962405]Limitations
Several limitations of this study must be addressed. First, only the effect of visual species richness was tested. Although sounds were excluded as potential confounders (Qi et al., 2022), the experience of biodiversity is multisensory (Irvine et al., 2023). This could have limited the effect of species richness (actual and perceived) on the affective response. Second, only three levels of species richness were tested – none, 15 and 28 species, respectively – limiting the understanding of a potential non-linear effect of species richness. Since in virtual nature the number of species can be effectively controlled, future research should test the effect of a broader setup of species-rich treatments (e.g. six; Lindemann-Matthies and Matthies, 2018). Third, as the perceived species richness was only gauged in broad terms an improved measure that includes a more precise quantification of the species present should be used, perhaps separating the species into easily identifiable groups (plants, birds etc; Fuller et al., 2007).
Concerning the face-to-face replication of the study, the small sample size limits the interpretation of both the affective and the physiological responses (the heart rate variability). Although the number of participants was similar to other physiological experiments, it remains uncertain whether the non-effect of species richness on the HRV was due to a lack of statistical power. Future research looking at the physiological effect of biodiversity should recruit a larger number of participants (e.g. 30-40 per treatment, for a between-subjects design). Finally, it is possible that the limited realism of the 3D models used to build the virtual parks may have had a reduced effect on the affective and the physiological response. It is possible that using media showing real environments (i.e. really existing), as done in the past (e.g. Johansson et al., 2014; Wolf et al., 2017; Browning, Shipley, et al., 2020), could be more appropriate, provided that is possible to assess the existing species richness and to manipulate it.
[bookmark: _Toc179962406]Conclusion
In summary, this study supports the notion that exposure to urban green spaces can, even when virtual and brief, enhance the recovery from stress. It also suggests that virtual green spaces can be used effectively to investigate the stress recovery process, as these allow for more control of the variables and facilitate the recruitment of larger sample sizes. Virtual green spaces could find therapeutic applications for stressed individuals who must remain indoors, have limited mobility or have no access to real green space.
Although the most biodiverse park did not seem to provide additional well-being, there was no evidence of detrimental effects. The high biodiversity park was also perceived as very biodiverse by many participants, which could have increased the positive affect even further. This should encourage designers and managers to include more biodiversity in urban green spaces, which will become more resilient to climate change and provide more ecosystem services.
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[bookmark: _Toc179962408]Chapter 8 
Summary and conclusion
As with every research project, this PhD began with several research questions. These have been addressed by the paper chapters, some multiple times. Therefore, this summary attempts to bring the findings together and fit them into a broader perspective. After the summary, a critical reflection on chapters 4 to 6 is presented. These chapters were either submitted for publication or based on a published dataset and, therefore, underwent an editing process which did not allow enough space to critically discuss their limitations. This section addresses such a gap, providing further discussion and references. Some further space will be given to strengths and limitations found across the four papers. Following, the chapter outlines the potential implications for well-being and biodiversity in the real world. Finally, recommendations for future research directions will be discussed.
[bookmark: _Toc179962409]Summary of the findings
[bookmark: _Toc179962410]Increasing (plant) species richness of a green space did not seem to also increase the mental well-being it can provide.
Chapters 4 and 7 showed that the presence or the absence of species can make a difference in the well-being reported by the participants. In Chapter 4, the subjective well-being was associated with the number of species found in each photo, while in Chapter 7 recovering from stress in the car park had a less pronounced effect than an equivalent recovery in a green park. On the other hand, chapters 5 and 6 showed that there was a negligible difference between higher and lower species richness conditions, even when the number of species was doubled and when controlling for other factors linked to the emotional response (e.g. flower colours). Therefore, it could be said that biodiversity showed a great effect when comparing none to some, while after a certain increase in the number of species the effect was not observable anymore.
The paper-chapters discussed several explanations for this, including the limitations of virtual exposure and the engagement of online participants. Guyot et al. (2023), having found a similar no-effect of urban green on mental health in their analysis of a large survey, suggested another explanation. They argued the survey represented those participants who already had a good level of well-being (e.g. inferred by the fact they could afford access to a computer and the internet) so the response would be biased towards “no effect” because these individuals would benefit from green spaces only to a certain point. Vice-versa, groups like the elderly and those on lower incomes seem generally not well represented in survey studies, despite being those who would need the most access to green spaces and, theoretically, receive the most benefits from it. Although this explanation Guyot et al. (2023) is plausible, studies focused on participants aged sixty and over (e.g. Lee and Lee, 2014; Roe et al., 2020) seem to confirm that an environment with at least some species (i.e. green space) provides more benefits than an environment with few to no species (i.e grey space). However, these studies did not manipulate or control the species richness.
Considering the results presented in this thesis, a linear effect of species richness on emotional well-being seems to be excluded. It is more probable that this relationship could be non-linear, as suggested by the experimental work of Johansson et al. (2014) and Lindemann-Matthies and Matthies (2018). This would also align with Ulrich et al., (1991), who proposed “moderate visual complexity” as the optimum for stress recovery. It remains unclear whether too much biodiversity could be detrimental to well-being, as suggested by Dallimer et al. (2012). None of the experiments presented in chapters 5-7 found evidence of worsened affective states after exposure to any level of biodiversity.
[bookmark: _Toc179962411]The subjectively perceived species richness seems to have a positive effect on the psychological state, when the broader context is kept under control.
Despite the limitations posed by how the perceived species richness was measured (see Critical Reflection), this was a consistent finding. Chapter 4 showed that perceived species richness was a stronger predictor of well-being than actual species richness, even when accounting for the effect of other demographic characteristics. Chapters 5 to 7 consistently found that the perceived species richness was associated with improvement in the Positive Affect across different experimental settings and with different groups of participants. These findings, framed within the Stress Recovery Theory, confirm and expand previous research work which looked at the effect of perceived biodiversity through the lenses of the Attention Restoration Theory (Dallimer et al., 2012; Gonçalves et al., 2021; Reining, Lemieux and Doherty, 2021). Interestingly, the perceived species richness did not show a consistent relationship with the Negative Affect. Overall, this supports the notion that biodiversity elicits feelings of joy and calm if perceived as abundant – i.e. indicating a favourable habitat with available resources (McMahan and Estes, 2015). Contrary to actual species richness, perceived species richness hinted towards a linear relationship with emotional well-being, which would confirm what was observed by Cameron et al. (2020). However, this finding is limited by the broad categorization used to measure the perceived species richness.
[bookmark: _Toc179962412]The subjective estimations of the species richness did not always match the actual species richness.
Although the perceived species richness seems a powerful driver of well-being, it remains unclear how the actual species richness may have been perceived and what other factors may have influenced the measure. Comparing the perceived and the actual species richness, a significant share of the participants seemed to perceive more species than were actually present. For example, in Chapter 6, only 40% of the English-speaking participants made a matching estimation of the actual species richness. The estimation was a bit more accurate in Chapter 7 and this was probably due to two factors. First, the presence of the car park made a clear difference between a space without species and the vegetated parks. Second, the question was about observing biodiversity and not guessing as it was in Chapter 6 which may have increased the precision of the estimation.
Other than the limitations of how the perceived species richness was measured (discussed in the Critical Reflection), this finding could also be a byproduct of the experimental design, as the participants could only estimate the biodiversity in one of the settings and never compared two environments side by side. When shown different levels of species richness side by side, both experts and non-experts seem capable of ranking them from low to high (Breitschopf and Bråthen, 2023). Perceptions are the results of a complex process, so there are limitations in trying to understand the mechanisms behind the overestimation. Those who took part in the experiments commonly rated both high and low biodiversity conditions at similar levels of perceived biodiversity. Overall, the findings from the four studies seem in line with the idea that the positive relationship between biodiversity and well-being is unconscious (Hepburn et al., 2021). 
[bookmark: _Toc179962413]Noticing elements of the species richness could improve psychological well-being
Although noticing the animals or the plants shown in the experiments did not seem necessary to improve well-being, it was observed that those who were aware of some elements of the species richness seemed to receive improved well-being. In Chapter 5, those who noticed the flowers used to increase the species richness showed high positive affect even when accounting for the perceived level of species richness. In Chapter 6, noticing the flowers, the birds and the trees was also associated with high positive affect. These results are in line with the work of Passmore and Holder (2017), who showed that practising nature observation during normal activities improved both positive affect and connection to nature. However, Chapters 5 and 6 provide more precise evidence, directly linking noticing species, not just a broader collection of natural features, with the increase in positive affect. As reported by McEwan et al. (2019), the effects of noticing nature can lead to long-standing improvements in well-being. Noticing biodiversity could then lay the basis for new social prescriptions to improve well-being (McEwan et al., 2021).
[bookmark: _Toc179962414]A critical reflection on the results chapters
[bookmark: _Toc179962415]Critical reflection on chapter 4
Being based on a pre-existent dataset, this chapter shares several limitations of the original data collection. In a publication detailing the development of the app (McEwan, Richardson, et al., 2020), the researchers reported that the wording chosen for the Shmapped prompts was developed based on the feedback received by Sheffield residents. Overall, it seems the intention was to keep the intrusiveness of the prompts to a minimum, allowing the participants to continue with their activities relatively undisturbed. However, only technical feedback was reported in the aforementioned publication (e.g. desired number of prompts per day) while little is said about the choices made to measure perceived species richness, recent exposure to green spaces and exposure to green spaces during childhood. The review of the dataset and its supplementary materials (Richardson et al., 2020) revealed the following:
· The testers expressed feelings of being “pressured to count species” when asked to rate the environment in which they received the prompt. Therefore, the use of the wording “How many types of […] would you guess were there” and the four categories were adopted.
· Similarly, testers suggested that the categorisation of species should have been broad and limited to easily identified groups such as “plants, trees, animals”, to avoid negative reactions (e.g. feelings of judgement) towards more technical words.
This approach may have reduced the intrusiveness of the prompt and limited the questionnaire’s completion time. However, the loosely defined Likert scale (i.e. from “none” to “lots”) remains subjective and prevents further quantification of the perceived number of species, as each participant may have had a different interpretation of the word “Lots” or “A few”. A similar wording, and a similar Likert scale, were used by Fuller et al. (2007), although they asked separate questions for plants, butterflies and birds and provided sample numbers to each category of the Likert scale to help the participants in their estimation. However, doing this would have gone against the feedback received during the app development and measuring species richness was not the main focus of the study (McEwan, Richardson, et al., 2020).
Other measures in the original study were gauged without showing extra information to the participants, including self-reported well-being, nature connectedness and recent/childhood exposure to outdoor environments. Single-item scales such as these tend to be less reliable measures than multi-item equivalents (Diamantopoulos et al., 2012), although there are circumstances that would make the use of single-item scales more reliable (e.g. small sample size, frequent measurements, semantic redundancy of items). Single-item scales have been shown to be strongly associated (i.e. good alternatives) with multi-item scales for certain constructs such as pain (Jensen et al., 2003) or happiness (Abdel-Khalek, 2006). Subjective well-being has also been measured with a single-item scale with good reliability without disrupting normal working activities (e.g. Williams and Smith, 2016), provided that enough explanation or examples were provided to make the labels clear.
In this sense, the lack of further definition of the categories is probably the main limitation of the two measures of exposure to the outdoors and prevents further analysis of what is, theoretically, an important predictor in the nature/well-being relationship – i.e. it has been proposed that being exposed to nature during childhood would foster an affective relationship with it (e.g. Hinds and Sparks, 2008). Further, the wording used in both these questions (“time spent outside”) remains ambiguous, for the meaning of outside is not restricted to green spaces or natural environments. Although the measures of momentary well-being and nature connectedness share some limitations, these constructs were also assessed at the beginning and at the end of the study using validated multi-item scales – e.g. the Nature Relatedness scale (Nisbet and Zelenski, 2013). This allowed the researchers to use simpler measures to gauge the in-the-moment feelings while collecting more reliable indicators of well-being.
The coding process used in Chapter 4 is also vulnerable to criticism. The initial aim was to explore the content shown in each photograph and see if the presence of a given natural or artificial element could be related to self-reported well-being. Although several iterations of the codebook were developed to reach a consensus – i.e. mediating between a more analytical approach (SF) and a more holistic approach (KM) – some of the codes remain arguably ambiguous. For instance, photos showing a view from the window were grouped together while the intention of the participant to share such an image could have been different. A more rigorous approach to the coding could have included the analysis of the comments associated with some of the photographs (Qiu, Lindberg and Nielsen, 2013; Rathmann et al., 2020). This could have shed some light in interpreting some of the content and improved its categorisation, but it was unpractical due to time constraints. 
Finally, overcoming these limitations could provide new opportunities for future research. Several brief scales of well-being can be completed in about a minute (e.g. Thompson, 2007) allowing for a more reliable measure of an emotional state elicited by urban nature.  The perceived number of species could be reasonably estimated as suggested by Fuller and colleagues (2007), by asking separate short questions about simple groups of species (e.g. how many types of trees, how many types of birds) and providing some guidance to the participant in selecting a category (e.g. “less than five”). The word “guess” could also be retained to relieve some of the semantic pressure that a counting task may generate. To better understand whether the relationship between well-being and actual or perceived species richness differs, the research could focus on only one or a few areas, which could be surveyed for species richness (as done by Cameron and colleagues, 2020), asking then visitors for their perceptions and well-being. This would be more interesting in a “built-up” area, as one of the main hints of the analysis presented here is that natural elements and species seem to be noticed even outside conventional green spaces.
[bookmark: _Toc179962416]Critical reflection on Chapter 5
In the introduction to this paper, some concepts could have been better defined. For instance, the Biophilia hypothesis was only mentioned but not summarised, although it was not the focus or the main framework for this research design. Further, examples of manipulation of species richness through audio were not mentioned in the introduction and not detailed in the methodology. As discussed in Chapter 2, birdsong has been used in combination with other natural sounds to induce recovery from stress (Alvarsson, Wiens and Nilsson, 2010; Annerstedt et al., 2013; Suko et al., 2022) but standalone birdsong on its own was not found to be more stress-reducing than other sounds (Hedblom, Gunnarsson, Schaefer, et al., 2019). A study that would have been worth mentioning in the introduction was an experiment by Douglas and Evans (2022) who compared the effect of birdsong from one species or eight species on attention restoration but did not observe a significant difference between the treatments. The reason for using birdsong in the experiment presented in this chapter was to increase the species count further than what was done visually with the plants. This also allowed the opportunity to compare the effect of the soundscape in the two videos with the highest plant species count. In retrospect, the same audio could have been used to create another two treatments, control + birdsong and lower plant richness + birdsong, better controlling for the potential effect of the birdsong. However, this would have had practical implications on the data collection (e.g. requiring the recruitment of 200 more participants).
This paper should have done better in clarifying the concept of species richness, which would have been more fitting to the research questions (i.e. understanding whether the species number has an effect on well-being) than the broader concept of biodiversity. Throughout the introduction, especially in the review of previous experimental studies, it was indeed the species richness being considered. In all the six studies cited, the species richness was the variable subject to experimental manipulation, although not necessarily directly. For instance, in the study from Simkin, Ojala and Tyrväinen, 2020, the four forests used as treatments differed in their species composition due to age and management. All shared the dominant tree species (i.e. Picea abies) but differed in the associated tree species, which were three in the younger forest (Betula sp., Pinus sp., Populus tremula) and four in the mature forest (Betula sp., Pinus sp., P. tremula, Sorbus aucuparia). Although not detailed, the mature forest was also reportedly richer in species from other taxonomic groups (e.g. beetles living in deadwood). Moreover, defining the species richness better would have made the paper’s measure of “perceived biodiversity” less ambiguous. The challenge was to avoid asking a question mentioning the words “biodiversity”, “species” or “species richness” to avoid biasing the follow-up open responses (see the survey text and flow in the Appendix – Chapter 5). The wording used in this study was “In your opinion, how good was the video's environment for wildlife and plants?”. This question was derived from two previous survey studies investigating the perceived social values of forests (Brown and Reed, 2000) and of a national park (van Riper et al., 2017). Both studies used the wording “I value the [forest/national park] because it provides for a variety of plants, wildlife, marine life, and other living organisms” and labelled this question as “Perceived biodiversity”. In Chapter 5, the main limitation imposed by using such wording is that is impossible to draw a side-by-side comparison between the (non) effect of the species richness introduced and the effect of the perceived biodiversity defined as such. The latter concerned more the value of the environment/habitat for the species rather than the perceived number of species. This limitation concerning the perceptions of biodiversity could have been better signposted in the paper. 
Another limitation that was not mentioned concerned the skewness of the age of the participants towards the 18-34 age group. This age group accounted for 77% of the responses and is probably due to the websites and social networks where the survey was advertised. During the summer period, the two survey exchange platforms are primarily used by students recruiting participants for their dissertations. As discussed in Chapter 3, this limited generalisability is one of the main drawbacks of convenience sampling.
Finally, the discussion about the (non) effect of the species richness levels could have considered other possible explanations. It was mentioned that the participants may have not noticed the additional plants or birdsong and all treatments remained similar in being simply a woodland. This could be a case of “Global Precedence Effect”. Briefly, a series of cognitive experiments demonstrated that visual perception is hierarchically organised and global features (i.e. the whole) are detected more easily than local features (i.e. the elements constituting the whole) (Navon, 1977). The density of items in view – i.e. crowding (Cavanagh, 2001) – seems to impose a limitation to cognition, where the individual elements are perceived but do not reach the awareness level (He, Cavanagh and Intriligator, 1996). However, at least part of the information provided by the single elements seems retained, informing the assessment of the global feature as an average of the local features (Parkes et al., 2001). It is also possible that the species count did not differ enough from video to video. Although the number of added species varied (i.e. 0, 4 and 21), when considering the background species, the plant species count would be 14 (control), 18 (lower species richness) and 35 (higher species richness). Still, a difference between the control and the richer plant treatments should have been noticeable, as in Lindemann-Matthies and Matthies (2018), who observed the highest stress recovery in the group that was exposed to 32 plant species compared with 64 species and 16 species or less. However, Lindemann-Matthies and Matthies did not use trees in their treatments. Considering the added level of birdsong, it is possible that this had little effect, as previously reported by Hedblom, Gunnarsson, Schaefer, et al. (2019) and Douglas and Evans (2022)
[bookmark: _Toc179962417]Critical reflection on chapter 6
Since the thesis submission, the chapter has been peer-reviewed, revised and published (Farris, Zhang, et al., 2024). This reflection aims to illustrate and discuss the main revisions and elaborate further on the paper’s limitations.
These experiments were conceived as a collaboration between two researchers looking at different angles of the green space/well-being relationship: species richness (SF) and flower colours (LZ). The design was exceedingly complex to be reported in a single paper, involving three points in time by three affective dimensions by two stress conditions and four treatments (higher/lower species/colours). This is why, in this paper, the elements concerning colours remained focused on controlling the effect of the colours to better tease out the effects of the species richness.
As in Chapter 5, the word biodiversity was used, whereas species richness would have been more appropriate for the title and it indeed was the focus of the experiment as the manipulated variable. The use of the term macro-biodiversity in the abstract could have been misleading as well. The intention was to indicate species of conspicuous size, as listed in the parenthesis. This was partially due to the strict word limit imposed by the journal to the abstract (maximum 200 words), which limited the use of a longer, more precise explanation.
Addressing the potential advantages of the urban environment for many species, the introduction should have been more balanced, acknowledging urbanisation as one important driver of biodiversity loss, both directly (e.g. loss of habitat due to change of landscape use) or indirectly (e.g. pollution, heat island effect) at a global level (McDonald et al., 2019). For instance, reviews of the literature that have collated species richness and abundance data at the global scale showed that bird species loss is due to a lack of adaptation to resources and risks of urban environments (Sol et al., 2014), while insect species loss is associated, inter alia, with impermeable surfaces and increased air temperature (Fenoglio et al., 2021).
In the published version of the paper, a succinct justification of the reasons for having a sample from another cultural context was provided. The review of the literature on how biodiversity improves well-being is presented by Marselle et al. (2019) indicated that only two studies (out of 16) were not based on European or North American populations. The review was expanded a few years later by Hedin et al. (2022) and the number of non-western studies increased to six (out of 52). Although both reviews acknowledged that this scarcity was, in part, due to the language barrier (i.e. only studies published in English were included), this justified the decision to include a sample from China in the experiment presented in Chapter 6. A thorough cultural comparison was not the aim of the chapter and it was also limited by the online data collection. Although the provenance of the responses was inferred via the mapping of the IP addresses, there was uncertainty in terms of nationality and the culture of the two sample groups, since only ethnicity was collected. This is why the chapter defines the two groups as “English-speaking” and “Chinese-speaking” instead of “British” and “Chinese”.
The inclusion of a Chinese-speaking sample meant the survey had to be translated into Mandarin. The first validated Chinese translation of the PANAS questionnaire was published by Huang, Yang and Li, (2003) and a more recent study has reiterated the validity of the Chinese version of the PANAS-X in a sample of Chinese-speaking adolescents (Guo and Gan, 2010). However, in both these publications the exact translations of the scale items were unavailable. An attempt was made to contact the authors of these studies but without success. Another version, the international short form of the PANAS used in Chapter 5, was available in Chinese (Liu et al., 2020) but lacked the items needed to distinguish Joviality and Serenity. Therefore, the translation and back translation described in the methods was attempted. Following Brislin (1970), co-author LZ translated the items of the Joviality, Serenity and Negative Affect scales into Mandarin, which were then translated back to English by an independent academic, resident in China. This approach remains limited as it was not possible at the time of this research to formally test the validity and reliability of this translation.
Another point that was left unexplained in the method section was the introduction of small mammals (i.e. 3D models of cats and rabbits), which in the published version of the paper were more precisely renamed “domestic mammals”. As mentioned in the chapter, the main reason to introduce such species in the virtual tour was to make the park’s species richness as noticeable as possible. Although not common, it is credible that an urban park may be a place where is possible to encounter cats and rabbits. Cats are common and abundant residents in UK cities (Sims et al., 2008) and their density was found to be strongly correlated with house density (Thomas, Fellowes and Baker, 2012). A study examining the ranging of domestic cats in Reading (UK) observed, using GPS trackers, that cats roamed daily over about 2 hectares area, preferring gardens and other green spaces (Thomas, Baker and Fellowes, 2014). Although it is difficult to say if the same may happen in China, a recent study from Ye et al. (2024) showed that three species of urban birds were used to the presence of cats in parks (i.e. compared with rural birds, urban birds allowed the feline to approach them at a closer distance before flying away). Rabbits in urban parks were also the subjects of studies in the US (Hunt et al., 2014), in Germany (Ziege et al., 2020) and also in the UK (e.g. Boakes et al., 2024). Other reasons to include rabbits and cats were more practical, such as the availability of good quality 3D models (i.e. correct in size and pose) and the lower chance of being perceived as threatening (Ulrich et al., 1991). For these reasons, other common mammals seen in parks (e.g. squirrels, rats, dogs) were not selected. It is worth mentioning that no suggestion was made to practitioners other than to “provide for biodiversity”. This could have been more explicit, cautioning against the introduction of species, such as cats and rabbits, which could also cause ecosystem disservices, in the form of excessive bird predation (e.g. Thomas, Fellowes and Baker, 2012) and damage to the planting (Hunt et al., 2014).
Finally, reflecting on the environment shown in the virtual tour, the intention was to make the virtual park credible, at least visually, for to make it realistic would have required a different approach. For example, as done in Chapter 5, it could have used a 360-degree camera in an existing park, although this would have made the introduction of species in the frame challenging and would have had no control over the natural lighting conditions. The absence of a soundscape is in contrast with what was done in Chapter 5, though justified by the different medium. In a virtual tour, it is possible to “move” from one picture to the other, so the soundscape should have been equally dynamic. To be credible, the soundscape should have reproduced the sound of passing vehicles when walking near the edge of the park, or maybe the rustle of leaves when passing under a tree. However, this would have been in contrast with the static pictures. As discussed in Chapter 2, the congruence of multisensorial stimuli is important (Schreuder et al., 2016; Qi et al., 2022) but could not be achieved in this virtual tour. Therefore, the stimulus remained only visual.
[bookmark: _Toc179962418]Strengths and Limitations
Other than what was highlighted in the critical reflection, another limitation of this thesis is that none of the experiments was set in a physical green space. This restricts the generalisation of the findings on to the virtual exposure to species richness. However, in Chapter 4, the participants reported their well-being when they were experiencing a real green space, providing in-the-moment, yet experimentally uncontrolled, ratings of their feelings. In Chapter 5, the participants experienced a real green space through a video, which filmed real plants and recorded the songs of real birds. As argued frequently in the papers, virtual exposure could have hidden the true effect of actual species richness on well-being. As mentioned in Chapters 6 and 7, the use of 3D digital models allowed for more control of the conditions, but potentially reduced the realism of the stimuli and therefore the affective response. Despite these limiting points, it is encouraging that all studies showed similar trends from different perspectives – e.g. the perceived species richness (though roughly measured) was consistently a better predictor of well-being than actual species richness. Particularly relevant was the case of Chapter 6, where this was observed in both the English-speaking and Chinese-speaking groups despite the differences in demographics and device used.
The online sampling was both a strength and a limitation. The strength lies in the large sample sizes (over 2500 participants were recruited in total) and the international population (beyond Europe) that it reached. However, this was limited by the heavy skew of the demographics toward the younger age groups and highly educated. The online recruitment also meant that it was not possible to infer a general understanding of the species richness/well-being relationship that would be specific to the UK or any other country. However, this was partially covered by Chapter 7, which analysed a sample from the UK and observed similar trends to the previous experiments. 
As discussed above, there are limitations in how perceived species richness was measured. By choosing to prioritise the survey duration, perceived species richness was measured as a simple rating. Given that the results consistently highlighted a potential role for the perceived species richness, the use of a short but more precise measure, such as the Biodiversity Experience Index (Gyllin and Grahn, 2005), would have provided a more quantifiable measurement of the participants' perceptions.
The study of the physiological angle of the species richness/well-being relationship was hindered by real-world practicalities. Due to COVID-19, it was not until 2022, that conceiving a new experiment indoors was advisable and ethical. The electroencephalography had to be excluded due to excessive complexity of data processing, equipment reliability and uncertain interpretation of the results. Measuring the heart rate variability was less complicated but recruiting participants during working hours proved difficult, even when offering compensation.

[bookmark: _Toc179962419]Implications
Using a scientific approach, this thesis attempted to understand how the species richness may contribute to mental well-being, in the context of an urban green space. Although, overall, the findings presented above suggest a limited role of species richness in providing mental well-being it could still provide useful insights for future research, provided that these are considered in a broader context.
Firstly, as shown by over four decades of research, a minimum of species richness is needed to promote well-being – i.e. there is no green space without at least a few species of plants. Colours and other sensory aspects of biodiversity can foster mental health as long they are perceived in tandem with the biodiversity they come from (Fisher et al., 2023). The human brain seems to react more favourably when recognising other living species, even when these may be out of the natural context (e.g. house plants) or indirectly experienced through the media. Built spaces can also be restorative (e.g. San Juan, Subiza-Pérez and Vozmediano, 2017; Stigsdotter et al., 2017), but usually not in the same way as green spaces (e.g. they may reduce the Negative Affect but not improve the Positive affect). However, it remains unclear what the optimal number of species would be, and whether this would vary depending on the cultural context (and its aesthetics) or on the size of the green space. This could be a key point for future research.
Secondly, it is worth mentioning that the mechanisms between biodiversity and well-being may not just act through perceivable means (e.g. visual, auditory, olfactory) or direct psychological mechanisms – i.e. as the conscious brain ‘feels’ and reacts to the presence of perceivable species. Research investigating microbial biodiversity has argued that environments rich in (perceivable) species are valuable because they relate to the  microbial species richness, which remains unperceivable through the senses (Grönroos et al., 2019; Robinson and Barrable, 2023). It could be through the action of a rich microbiome that the human microbiome is positively affected, in the form of benefits to the immune system, mood and well-being.  Landscapes rich in visible plants, invertebrates and vertebrates may be a proxy for healthier environments, but may not be an exact match when we actually catalogue microbial groups and species. Further research is required to determine how much humans can perceive and experience micro-biodiversity and if this aligns with mood and well-being.
Thirdly, even if a green space with a minimal number of (visible) species could appear more cost-effective in eliciting well-being, global changes in climate and management policies demand a different approach. A biodiverse green space is more resilient and has a higher likelihood of adapting to the changing climate and recovering from extreme weather events. With a higher number of species present, even in the event some could fail to adapt to changing conditions and disappear, enough would remain to meet the requirements for well-being. Further, biodiverse green spaces provide more ecosystem services. Either taken individually or collectively as green infrastructure, green spaces are responsible for many ecosystem services. For example, a diverse mix of trees can 1) regulate the microclimate by breaking strong winds (Campi, Palumbo and Mastrorilli, 2009), 2) provide shade in summer and reduce the heat island effect (Speak et al., 2020), 3) capture some fractions of the particulate matter (Redondo-Bermúdez et al., 2021) and 4) slow the water run-off (Carlyle-Moses et al., 2020). To thrive, these trees need healthy soil, rich in microorganisms and invertebrates. Another recent example of the need for biodiversity is the increasing interest in urban horticulture to grow fruit and vegetables in urban spaces (Gulyas and Edmondson, 2024). Since many of these plants rely on pollinators to complete the production cycle, having green spaces and infrastructures to support these pollinators remains important.
Based on the results of this thesis, landscape practitioners could consider the following when designing and managing urban green spaces:
· Even if the direct benefits of the species richness on well-being seem limited, none of the studies presented here has found any negative effect of increasing the species richness. Therefore, design and management should aim to improve species richness to maintain or increase the provision of other ecosystem services.
· Though framed in the context of stress recovery, the experiments have shown that spaces that were perceived to be richer in species have the potential to improve the Positive Affect. This could be an element to consider when a space is being designed to support mental well-being (e.g. small gardens for schools or hospitals).
· There is a potential role to be played by designers and educators in terms of improving the perceptions of species richness. As shown consistently in this thesis, if one could be more aware of the species around them (i.e. perceive more species), their well-being may also improve.
[bookmark: _Toc179962420]Future research directions
Although no direct relationship was found between actual species richness and well-being, the potential indirect relationship that species richness may have with well-being remains important from a salutogenic perspective. The perceived species richness was a rough but at least partially accurate measure and was related to actual species richness. Previous research (Lindemann-Matthies, 2002; Richardson, Cormack, et al., 2016) has shown that perceptions of biodiversity and their accuracy can change with age and in response to targeted education.
In the experiments, the species richness was manipulated to be obvious, using showy flowers, rich birdsong soundscapes and 3D models of endearing small domestic animals. Yet, none of these characteristics seemed to increase the perceived biodiversity for most people. Noticing some aspects of biodiversity seemed to help to increase well-being further, in Chapter 4. School programs seem able to increase the number of species noticed by children (Lindemann-Matthies, 2002) but this could be less practical to reach the general public (e.g. having less time to spend on a course). For example, signage is commonly used in parks and natural areas, but it requires maintenance to remain functional (i.e. readable). At the same time, signage may fail to attract enough attention in a world that provides a continuous stream of visual stimuli. Augmented reality could help direct the viewer's attention to biodiversity, for example by suggesting a closer look to a nearby tree. On the other hand, this could also increase the amount of visual stimulation, generating more mental fatigue. Another possible approach to shed light on how species may be perceived could involve combining virtual environments with eye-tracking. Briefly, eye-tracking devices allow to measure the position and the duration of the gaze (i.e. fixation points) while looking at a scene. Visual attention (or the lack of it) is inferred by analysing the number and duration of the fixation points (e.g. Hollander et al., 2019). This has been applied to restorative research, correlating eye-tracking data with psychological and physiological responses to seeing photographs of urban green spaces (e.g. Liu et al., 2022). Eye-tracking has also been used to analyse visual attention in more dynamic media, such as videos (Amati et al., 2018) and recorded walks (Simpson et al., 2019) and 360-degree environments (Chen, Gong and Li, 2022). Analysing the fixation points in an environment at different levels of species richness (e.g. the virtual parks used in Chapter 7) could provide a more precise quantification of the perceived species richness, for instance by highlighting which species have been noticed, how many individuals and how this relates to the self-reported rating.
Further, with larger-scale tests are needed to verify whether the effect of actual species richness could be non-linear. Considering that past research has found that the necessary number of plant species for well-being could be relatively low (Wolf et al., 2017; Lindemann-Matthies and Matthies, 2018; Schebella et al., 2020), future research could focus on the lower end of the species richness scale, testing a finer group of setups (e.g. 1-3-7-11 species). This would also allow researchers to test if perceived species richness would follow a similar non-linear relationship when the number of species is limited. For instance, is likely that most participants would be able to see the difference between two scenarios with no species and one species, but fewer would probably notice the difference between scenarios with 10 and 15 species. Such experimental design is potentially more difficult to set up with species other than plants, but terrariums could be feasible to test this hypothesis on invertebrates. Aquariums have been used in the past to test the effect of fish and crustacean species richness and abundance on stress (Cracknell et al., 2016); a dose-response relationship was suggested, as the results showed that the more species were in the tank the more significant was the mood improvement. However, as mentioned by the authors, real-world practicalities (e.g. synchronising the participant recruitment with the refurbishment of an aquarium) limited the number of species richness conditions that could be tested.
Finally, future research should include a comparison between real and virtual exposure to species richness using the same experimental setting. A similar comparison was published by Browning, Shipley, et al. (2020) but the species richness was not manipulated. For instance, comparing the effect of sitting in a glass house or watching high-quality footage of it, would make a viable proof of concept, as glass houses can be populated with any number of plants and provide controlled environmental conditions.

[bookmark: _Toc179962421]Concluding thoughts
In conclusion, this PhD project crossed the boundaries of several disciplines to provide new insights into the role of urban biodiversity as a provider of well-being. The findings presented in this thesis expand previous knowledge in the form of systematic experimental evidence. What makes your heart skip a beat at the park may not be the number of species around you. Not directly at least.
However, these findings confirm that the role of urban biodiversity is far from negligible as a component of salutogenic green spaces. The Covid-19 pandemic struck exactly 4 years ago and highlighted that when social contact is restricted, urban plants and wildlife become important. They still are, although as society moves back to normal the memory of that experience wanes. The evidence brought by this PhD project could be a useful reminder for the future. 


[bookmark: _Toc179962422]General reference list
Abdel-Khalek, A.M. (2006) ‘Measuring happiness by a single-item scale’, Social Behavior and Personality: an international journal, 34(2), pp. 139–150. Available at: https://doi.org/10.2224/sbp.2006.34.2.139.
Akpinar, A. (2016) ‘How is quality of urban green spaces associated with physical activity and health?’, Urban Forestry and Urban Greening, 16, pp. 76–83. Available at: https://doi.org/10.1016/j.ufug.2016.01.011.
Alvarsson, J.J., Wiens, S. and Nilsson, M.E. (2010) ‘Stress Recovery during Exposure to Nature Sound and Environmental Noise’, International Journal of Environmental Research and Public Health, 7(3), pp. 1036–1046. Available at: https://doi.org/10.3390/ijerph7031036.
Amati, M. et al. (2018) ‘How eye-catching are natural features when walking through a park? Eye-tracking responses to videos of walks’, Urban Forestry & Urban Greening, 31, pp. 67–78. Available at: https://doi.org/10.1016/j.ufug.2017.12.013.
Ambrey, C. and Fleming, C. (2014) ‘Public Greenspace and Life Satisfaction in Urban Australia’, Urban Studies, 51(6), pp. 1290–1321. Available at: https://doi.org/10.1177/0042098013494417.
Anderson, C.C. and Renaud, F.G. (2021) ‘A review of public acceptance of nature-based solutions: The “why”, “when”, and “how” of success for disaster risk reduction measures’, Ambio, 50(8), pp. 1552–1573. Available at: https://doi.org/10.1007/s13280-021-01502-4.
Annerstedt, M. et al. (2013) ‘Inducing physiological stress recovery with sounds of nature in a virtual reality forest — Results from a pilot study’, Physiology & Behavior, 118, pp. 240–250. Available at: https://doi.org/10.1016/j.physbeh.2013.05.023.
Annerstedt van den Bosch, M. et al. (2015) ‘Development of an urban green space indicator and the public health rationale’, Scand J Public Health, 44(2), pp. 159–167. Available at: https://doi.org/10.1177/1403494815615444.
Aronson, M.F.J. et al. (2014) ‘A global analysis of the impacts of urbanization on bird and plant diversity reveals key anthropogenic drivers’, Proc Biol Sci, 281(1780), p. 20133330. Available at: https://doi.org/10.1098/rspb.2013.3330.
Aspinall, P. et al. (2015) ‘The urban brain: analysing outdoor physical activity with mobile EEG’, British Journal of Sports Medicine, 49(4), p. 272 LP – 276. Available at: https://doi.org/10.1136/bjsports-2012-091877.
Ausin-Azofra, J.M. et al. (2021) ‘Do You See What I See? Effectiveness of 360-Degree vs. 2D Video Ads Using a Neuroscience Approach’, Frontiers in Psychology, 12, p. 612717. Available at: https://doi.org/10.3389/fpsyg.2021.612717.
Austen, G.E. et al. (2021) ‘Exploring shared public perspectives on biodiversity attributes’, People and Nature, 3(4), pp. 901–913. Available at: https://doi.org/10.1002/pan3.10237.
Bacevice, P.A. and Ducao, A. (2021) ‘Use of biometric data and EEG to assess architectural quality of two office spaces: a pilot experiment’, Intelligent Buildings International, pp. 1–22. Available at: https://doi.org/10.1080/17508975.2021.1921683.
Barbiero, G. and Berto, R. (2021) ‘Biophilia as Evolutionary Adaptation: An Onto- and Phylogenetic Framework for Biophilic Design’, Frontiers in Psychology, 12, p. 700709. Available at: https://doi.org/10.3389/fpsyg.2021.700709.
Bardhan, M. et al. (2023) ‘Time in nature is associated with higher levels of positive mood: Evidence from the 2023 NatureDoseTM student survey’, Journal of Environmental Psychology, 90, p. 102083. Available at: https://doi.org/10.1016/j.jenvp.2023.102083.
Basu, A., Duvall, J. and Kaplan, R. (2018) ‘Attention Restoration Theory: Exploring the Role of Soft Fascination and Mental Bandwidth’, Environment and Behavior, 51(9–10), pp. 1055–1081. Available at: https://doi.org/10.1177/0013916518774400.
Bell, S.L. et al. (2018) ‘Everyday green space and experienced well-being: the significance of wildlife encounters’, Landscape Research, 43(1), pp. 8–19. Available at: https://doi.org/10.1080/01426397.2016.1267721.
Benfield, J.A. et al. (2014) ‘Natural sound facilitates mood recovery’, Ecopsychology, 6(3), pp. 183–188.
Bentley, P.R. et al. (2023) ‘Nature, smells, and human wellbeing’, Ambio, 52(1), pp. 1–14. Available at: https://doi.org/10.1007/s13280-022-01760-w.
van den Berg, A.E., Koole, S.L. and van der Wulp, N.Y. (2003) ‘Environmental preference and restoration: (How) are they related?’, Journal of Environmental Psychology, 23(2), pp. 135–146. Available at: https://doi.org/10.1016/S0272-4944(02)00111-1.
Berridge, K.C. (2003) ‘Pleasures of the brain’, Brain and Cognition, 52(1), pp. 106–128. Available at: https://doi.org/10.1016/S0278-2626(03)00014-9.
Berto, R. (2005) ‘Exposure to restorative environments helps restore attentional capacity’, Journal of Environmental Psychology, 25(3), pp. 249–259. Available at: https://doi.org/10.1016/j.jenvp.2005.07.001.
Berto, R. (2014) ‘The role of nature in coping with psycho-physiological stress: a literature review on restorativeness.’, Behavioral sciences (Basel, Switzerland). Edited by R. Berto, 4(4), pp. 394–409. Available at: https://doi.org/10.3390/bs4040394.
Biasiucci, A., Franceschiello, B. and Murray, M.M. (2019) ‘Electroencephalography’, Curr Biol, 29(3), pp. R80–R85. Available at: https://doi.org/10.1016/j.cub.2018.11.052.
Bigdely-Shamlo, N. et al. (2015) The PREP pipeline: standardized preprocessing for large-scale EEG analysis, Frontiers in Neuroinformatics. Available at: https://www.frontiersin.org/articles/10.3389/fninf.2015.00016.
Bloom, H.S. (2008) ‘The core analytics of randomized experiments for social research’, in pages 115-133, The SAGE Handbook of Social Research Methods. London: SAGE Publications Ltd. Available at: https://doi.org/10.4135/9781446212165.
Boakes, Z. et al. (2024) ‘The importance of urban areas in supporting vulnerable and endangered mammals’, Urban Ecosystems, 27(3), pp. 883–894. Available at: https://doi.org/10.1007/s11252-023-01492-z.
Bornioli, A., Parkhurst, G. and Morgan, P.L. (2018) ‘Psychological Wellbeing Benefits of Simulated Exposure to Five Urban Settings: an Experimental Study From the Pedestrian’s Perspective’, Journal of Transport and Health, 9(October 2017), pp. 105–116. Available at: https://doi.org/10.1016/j.jth.2018.02.003.
van den Bosch, M.A. et al. (2015) ‘Moving to serene nature may prevent poor mental health— results from a swedish longitudinal cohort study’, International Journal of Environmental Research and Public Health, 12(7), pp. 7974–7989. Available at: https://doi.org/10.3390/ijerph120707974.
Botzat, A., Fischer, L.K. and Kowarik, I. (2016) ‘Unexploited opportunities in understanding liveable and biodiverse cities. A review on urban biodiversity perception and valuation’, Global Environmental Change, 39, pp. 220–233. Available at: https://doi.org/10.1016/j.gloenvcha.2016.04.008.
Bowen-Jones, E. and Entwistle, A. (2002) ‘Identifying appropriate flagship species: the importance of culture and local contexts’, Oryx, 36(2), pp. 189–195. Available at: https://doi.org/10.1017/S0030605302000261.
Bratman, G.N. et al. (2019) ‘Nature and mental health: An ecosystem service perspective’, Science Advances, 5(7). Available at: https://doi.org/10.1126/sciadv.aax0903.
Bratman, G.N., Hamilton, J.P. and Daily, G.C. (2012) ‘The impacts of nature experience on human cognitive function and mental health’, Annals of the New York Academy of Sciences, 1249(1), pp. 118–136.
Breitschopf, E. and Bråthen, K.A. (2023) ‘Perception and appreciation of plant biodiversity among experts and laypeople’, People and Nature, 5(2), pp. 826–838. Available at: https://doi.org/10.1002/pan3.10455.
Brindley, P., Jorgensen, A. and Maheswaran, R. (2018) ‘Domestic gardens and self-reported health: a national population study’, International Journal of Health Geographics, 17(1). Available at: https://doi.org/10.1186/s12942-018-0148-6.
Brislin, R.W. (1970) ‘Back-Translation for Cross-Cultural Research’, Journal of Cross-Cultural Psychology, 1(3), pp. 185–216. Available at: https://doi.org/10.1177/135910457000100301.
Brosnan, K., Grün, B. and Dolnicar, S. (2017) ‘PC, Phone or Tablet?: Use, Preference and Completion Rates for Web Surveys’, International Journal of Market Research, 59(1), pp. 35–55. Available at: https://doi.org/10.2501/IJMR-2016-049.
Brown, D.K., Barton, J.L. and Gladwell, V.F. (2013) ‘Viewing Nature Scenes Positively Affects Recovery of Autonomic Function Following Acute-Mental Stress’, Environmental Science & Technology, 47(11), pp. 5562–5569. Available at: https://doi.org/10.1021/es305019p.
Brown, G. and Reed, P. (2000) ‘Validation of a Forest Values Typology for Use in National Forest Planning’, Forest Science, 46(2), pp. 240–247. Available at: https://doi.org/10.1093/forestscience/46.2.240.
Browning, M., Shipley, N., et al. (2020) ‘An Actual Natural Setting Improves Mood Better Than Its Virtual Counterpart: A Meta-Analysis of Experimental Data’, Frontiers in Psychology, 11(September), pp. 1–12. Available at: https://doi.org/10.3389/fpsyg.2020.02200.
Browning, M., Mimnaugh, K.J., et al. (2020) ‘Can Simulated Nature Support Mental Health? Comparing Short, Single-Doses of 360-Degree Nature Videos in Virtual Reality With the Outdoors’, Frontiers in psychology, 10. Available at: https://doi.org/10.3389/fpsyg.2019.02667.
Browning, M.H.E.M. et al. (2023) ‘Daily exposure to virtual nature reduces symptoms of anxiety in college students’, Scientific Reports, 13(1), p. 1239. Available at: https://doi.org/10.1038/s41598-023-28070-9.
Bryce, R. et al. (2016) ‘Subjective well-being indicators for large-scale assessment of cultural ecosystem services’, Ecosystem Services, 21, pp. 258–269. Available at: https://doi.org/10.1016/j.ecoser.2016.07.015.
Burns, F. et al. (2023) State of Nature 2023. State of Nature partnership. Available at: www.stateofnature.org.uk (Accessed: 8 January 2024).
Bursac, Z. et al. (2008) ‘Purposeful selection of variables in logistic regression’, Source Code for Biology and Medicine, 3(1), p. 17. Available at: https://doi.org/10.1186/1751-0473-3-17.
Calogiuri, G. et al. (2016) ‘Green exercise as a workplace intervention to reduce job stress. Results from a pilot study’, Work, 53(1), pp. 99–111. Available at: https://doi.org/10.3233/WOR-152219.
Camacho-Cervantes, M. et al. (2014) ‘How do people perceive urban trees? Assessing likes and dislikes in relation to the trees of a city’, Urban Ecosystems, 17(3), pp. 761–773. Available at: https://doi.org/10.1007/s11252-014-0343-6.
Cameron, R.W.F. et al. (2020) ‘Where the wild things are! Do urban green spaces with greater avian biodiversity promote more positive emotions in humans?’, Urban Ecosystems [Preprint]. Available at: https://doi.org/10.1007/s11252-020-00929-z.
Cameron, R.W.F., Taylor, J.E. and Emmett, M.R. (2014) ‘What’s “cool” in the world of green façades? How plant choice influences the cooling properties of green walls’, Building and Environment, 73, pp. 198–207. Available at: https://doi.org/10.1016/j.buildenv.2013.12.005.
Campi, P., Palumbo, A.D. and Mastrorilli, M. (2009) ‘Effects of tree windbreak on microclimate and wheat productivity in a Mediterranean environment’, European Journal of Agronomy, 30(3), pp. 220–227. Available at: https://doi.org/10.1016/j.eja.2008.10.004.
Capaldi, C., Dopko, R. and Zelenski, J. (2014) The relationship between nature connectedness and happiness: a meta-analysis, Front. Psychol. Available at: https://doi.org/10.3389/fpsyg.2014.00976.
Capaldi, C.A. et al. (2017) ‘Engaging with natural beauty may be related to well-being because it connects people to nature: Evidence from three cultures’, Ecopsychology, 9(4), pp. 199–211.
Cardinale, B.J. et al. (2012) ‘Biodiversity loss and its impact on humanity’, Nature, 486(7401), pp. 59–67. Available at: https://doi.org/10.1038/nature11148.
Cardoso, D. et al. (2017) ‘Amazon plant diversity revealed by a taxonomically verified species list’, Proceedings of the National Academy of Sciences, 114(40), pp. 10695–10700. Available at: https://doi.org/10.1073/pnas.1706756114.
Carlyle-Moses, D.E. et al. (2020) ‘Urban Trees as Green Infrastructure for Stormwater Mitigation and Use’, in D.F. Levia et al. (eds) Forest-Water Interactions. Cham: Springer International Publishing (Ecological Studies), pp. 397–432. Available at: https://doi.org/10.1007/978-3-030-26086-6_17.
Carrus, G. et al. (2015) ‘Go greener, feel better? The positive effects of biodiversity on the well-being of individuals visiting urban and peri-urban green areas’, Landscape and Urban Planning, 134, pp. 221–228. Available at: https://doi.org/10.1016/j.landurbplan.2014.10.022.
Cavanagh, P. (2001) ‘Seeing the forest but not the trees’, Nature Neuroscience, 4(7), pp. 673–674. Available at: https://doi.org/10.1038/89436.
Chalmin-Pui, L.S. et al. (2021) ‘Why garden? – Attitudes and the perceived health benefits of home gardening’, Cities, 112(August 2020), p. 103118. Available at: https://doi.org/10.1016/j.cities.2021.103118.
Chang, C. et al. (2022) ‘People’s desire to be in nature and how they experience it are partially heritable’, PLOS Biology, 20(2), p. e3001500.
Chang, K. et al. (2016) ‘The Effect of Biodiversity on Green Space Users’ Wellbeing-An Empirical Investigation Using Physiological Evidence’, Sustainability, 8(10), p. 1049. Available at: https://doi.org/10.3390/su8101049.
Chen, B., Gong, C. and Li, S. (2022) ‘Looking at buildings or trees? Association of human nature relatedness with eye movements in outdoor space’, Journal of Environmental Psychology, 80, p. 101756. Available at: https://doi.org/10.1016/j.jenvp.2022.101756.
Chen, H.T., Yu, C.P. and Lee, H.Y. (2018) ‘The effects of forest bathing on stress recovery: Evidence from middle-aged females of Taiwan’, Forests, 8(2), pp. 1–9. Available at: https://doi.org/10.3390/f9070403.
Chenoweth, R. (1984) ‘Visitor Employed Photography: A Potential Tool for Landscape Architecture’, Landscape Journal, 3(2), pp. 136–143. Available at: https://doi.org/10.3368/lj.3.2.136.
Chiang, Y.-C., Li, D. and Jane, H.-A. (2017) ‘Wild or tended nature? The effects of landscape location and vegetation density on physiological and psychological responses’, Landscape and Urban Planning, 167, pp. 72–83. Available at: https://doi.org/10.1016/j.landurbplan.2017.06.001.
Chirico, A. and Gaggioli, A. (2019) ‘When Virtual Feels Real: Comparing Emotional Responses and Presence in Virtual and Natural Environments’, Cyberpsychology, Behavior, and Social Networking, 22(3), pp. 220–226. Available at: https://doi.org/10.1089/cyber.2018.0393.
Clark, N.E. et al. (2014) ‘Biodiversity, cultural pathways, and human health: a framework’, Trends in Ecology & Evolution, 29(4), pp. 198–204. Available at: https://doi.org/10.1016/j.tree.2014.01.009.
Clifford, S., Sheagley, G. and Piston, S. (2021) ‘Increasing Precision without Altering Treatment Effects: Repeated Measures Designs in Survey Experiments’, American Political Science Review, 115(3), pp. 1048–1065. Available at: https://doi.org/10.1017/S0003055421000241.
Coe, K. and Scacco, J.M. (2017) ‘Content Analysis, Quantitative’, in J. Matthes, C.S. Davis, and R.F. Potter (eds) The International Encyclopedia of Communication Research Methods. 1st edn. Wiley, pp. 1–11. Available at: https://doi.org/10.1002/9781118901731.iecrm0045.
Cohen, M.X. (2017) ‘Where Does EEG Come From and What Does It Mean?’, Trends in Neurosciences, 40(4), pp. 208–218. Available at: https://doi.org/10.1016/j.tins.2017.02.004.
Cohen-Shacham, E. et al. (eds) (2016) Nature-based solutions to address global societal challenges. IUCN International Union for Conservation of Nature. Available at: https://doi.org/10.2305/IUCN.CH.2016.13.en.
Colwell, R.K. (2009) ‘Biodiversity: concepts, patterns, and measurement’, in The Princeton guide to ecology. Princeton University Press Princeton, NJ, pp. 257–263.
Corazon, S.S. et al. (2019) ‘Psycho-physiological stress recovery in outdoor nature-based interventions: a systematic review of the past eight years of research’, International Journal of Environmental Research and Public Health, 16(10), p. 1711.
Corvalan, C.F. et al. (2005) Ecosystems and human well-being: a report of the millennium ecosystem assessment. 1st ed. Geneva: Geneva : World Health Organization, c2005.
Cox, D.T.C. et al. (2017) ‘Doses of nearby nature simultaneously associated with multiple health benefits’, Int J Environ Res Public Health, 14(2), p. 172. Available at: https://doi.org/10.3390/ijerph14020172.
Cracknell, D. et al. (2016) ‘Marine biota and psychological well-being: a preliminary examination of dose–response effects in an aquarium setting’, Environment and Behavior, 48(10), pp. 1242–1269.
Cracknell, D. et al. (2017) ‘A preliminary investigation into the restorative potential of public aquaria exhibits: a UK student-based study’, Landscape Research, 42(1), pp. 18–32. Available at: https://doi.org/10.1080/01426397.2016.1243236.
Dallimer, M. et al. (2012) ‘Biodiversity and the Feel-Good Factor: Understanding Associations between Self-Reported Human Well-being and Species Richness’, BioScience, 62(1), pp. 47–55. Available at: https://doi.org/10.1525/bio.2012.62.1.9.
Daniels, B. et al. (2018) ‘Assessment of urban green space structures and their quality from a multidimensional perspective’, Science of The Total Environment, 615, pp. 1364–1378. Available at: https://doi.org/10.1016/j.scitotenv.2017.09.167.
De Bell, S. et al. (2020) ‘Spending time in the garden is positively associated with health and wellbeing: Results from a national survey in England’, Landscape and Urban Planning, 200, p. 103836. Available at: https://doi.org/10.1016/j.landurbplan.2020.103836.
Delorme, A. and Makeig, S. (2004) ‘EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent component analysis’, Journal of Neuroscience Methods, 134(1), pp. 9–21. Available at: https://doi.org/10.1016/j.jneumeth.2003.10.009.
Deutskens, E. et al. (2004) ‘Response Rate and Response Quality of Internet-Based Surveys: An Experimental Study’, Marketing Letters, 15(1), pp. 21–36. Available at: https://doi.org/10.1023/B:MARK.0000021968.86465.00.
Diamantopoulos, A. et al. (2012) ‘Guidelines for choosing between multi-item and single-item scales for construct measurement: a predictive validity perspective’, Journal of the Academy of Marketing Science, 40(3), pp. 434–449. Available at: https://doi.org/10.1007/s11747-011-0300-3.
Dilley, J. and Wolf, K. (2013) ‘Homeowner Interactions with Residential Trees in Urban Areas’, Arboriculture & Urban Forestry, 39(6). Available at: https://doi.org/10.48044/jauf.2013.034.
Douglas, B.D., Ewell, P.J. and Brauer, M. (2023) ‘Data quality in online human-subjects research: Comparisons between MTurk, Prolific, CloudResearch, Qualtrics, and SONA’, PLOS ONE, 18(3), p. e0279720. Available at: https://doi.org/10.1371/journal.pone.0279720.
Douglas, J.W.A. and Evans, K.L. (2022) ‘An experimental test of the impact of avian diversity on attentional benefits and enjoyment of people experiencing urban green‐space’, People and Nature, 4(1), pp. 243–259. Available at: https://doi.org/10.1002/pan3.10279.
Ducarme, F. and Couvet, D. (2020) ‘What does “nature” mean?’, Palgrave Communications, 6(1), p. 14. Available at: https://doi.org/10.1057/s41599-020-0390-y.
Elsadek, M. et al. (2019) ‘Cross-cultural comparison of physiological and psychological responses to different garden styles’, Urban Forestry & Urban Greening, 38, pp. 74–83. Available at: https://doi.org/10.1016/j.ufug.2018.11.007.
Elsadek, M. and Liu, B. (2020) ‘Effects of viewing flowering plants on employees’ wellbeing in an office-like environment’, Indoor and Built Environment, p. 1420326X20942572. Available at: https://doi.org/10.1177/1420326X20942572.
Elsadek, M., Liu, B. and Xie, J. (2020) ‘Window view and relaxation: Viewing green space from a high-rise estate improves urban dwellers’ wellbeing’, Urban Forestry & Urban Greening, 55, p. 126846. Available at: https://doi.org/10.1016/j.ufug.2020.126846.
European Commission (2019) Guidance on a strategic framework for further supporting the deployment of EU-level green and blue infrastructure. European Commission. Available at: https://data.consilium.europa.eu/doc/document/ST-9762-2019-INIT/en/pdf (Accessed: 30 July 2024).
European Commission et al. (2020) Nature-based solutions – State of the art in EU-funded projects. Edited by T. Freitas, S. Vandewoestijne, and T. Wild. Publications Office of the European Union. Available at: https://doi.org/10.2777/236007.
Farris, S., Dempsey, N., et al. (2024) ‘Does increasing biodiversity in an urban woodland setting promote positive emotional responses in humans? A stress recovery experiment using 360-degree videos of an urban woodland’, PLOS ONE. Edited by T. Bhadauria, 19(2), p. e0297179. Available at: https://doi.org/10.1371/journal.pone.0297179.
Farris, S., Zhang, L., et al. (2024) ‘“The Elephant in the Room” – does actual or perceived biodiversity elicit restorative responses in a virtual park?’, Cities & Health, pp. 1–16. Available at: https://doi.org/10.1080/23748834.2024.2383825.
Faul, F. et al. (2007) ‘G*Power 3: A flexible statistical power analysis program for the social, behavioral, and biomedical sciences’, Behavior Research Methods, 39(2), pp. 175–191. Available at: https://doi.org/10.3758/BF03193146.
Fausto, C. (2019) ‘The Integration of Emotional Expression and Experience: A Pragmatist Review of Recent Evidence From Brain Stimulation’, Emotion Review, 11(1), pp. 27–38. Available at: https://doi.org/10.1177/1754073917723461.
Feng, X. et al. (2022) ‘Green space quality and adolescent mental health: do personality traits matter?’, Environmental Research, 206, p. 112591. Available at: https://doi.org/10.1016/j.envres.2021.112591.
Fenoglio, M.S. et al. (2021) ‘Urbanisation drivers and underlying mechanisms of terrestrial insect diversity loss in cities’, Ecological Entomology, 46(4), pp. 757–771. Available at: https://doi.org/10.1111/een.13041.
Ferraro, D.M. et al. (2020) ‘The phantom chorus: birdsong boosts human well-being in protected areas’, Proceedings of the Royal Society B: Biological Sciences, 287(1941), p. 20201811. Available at: https://doi.org/10.1098/rspb.2020.1811.
Field, A.P. (2018) Discovering statistics using IBM SPSS statistics. Fifth edition. Los Angeles: Los Angeles : SAGE, 2018.
Fisher, J.C. et al. (2021) ‘Perceived biodiversity, sound, naturalness and safety enhance the restorative quality and wellbeing benefits of green and blue space in a neotropical city’, Science of The Total Environment, 755, p. 143095. Available at: https://doi.org/10.1016/j.scitotenv.2020.143095.
Fisher, J.C. et al. (2023) ‘Human well-being responses to species’ traits’, Nature Sustainability [Preprint]. Available at: https://doi.org/10.1038/s41893-023-01151-3.
Franco, L.S., Shanahan, D.F. and Fuller, R.A. (2017) ‘A Review of the Benefits of Nature Experiences: More Than Meets the Eye’, International Journal of Environmental Research and Public Health, 14(8). Available at: https://doi.org/10.3390/ijerph14080864.
Frank, D.J. (1997) ‘Science, Nature, and the Globalization of the Environment, 1870-1990’, Social Forces, 76(2), p. 409. Available at: https://doi.org/10.2307/2580719.
Fromm, E. (1977) The anatomy of human destructiveness. Harmondsworth (etc.): Harmondsworth etc. : Penguin, 1977.
Frumkin, H. et al. (2017) ‘Nature Contact and Human Health: A Research Agenda’, Environmental Health Perspectives (Online), 125(7). Available at: https://doi.org/10.1289/EHP1663.
Fuller, R.A. et al. (2007) ‘Psychological benefits of greenspace increase with biodiversity.’, Biology letters. Edited by R.A. Fuller, 3(4), pp. 390–394. Available at: https://doi.org/10.1098/rsbl.2007.0149.
Gaines, B.J., Kuklinski, J.H. and Quirk, P.J. (2007) ‘The logic of the survey experiment reexamined’, Political Analysis, 15(1), pp. 1–20. Available at: https://doi.org/10.1093/pan/mpl008.
Galesic, M. and Bosnjak, M. (2009) ‘Effects of Questionnaire Length on Participation and Indicators of Response Quality in a Web Survey’, Public Opinion Quarterly, 73(2), pp. 349–360. Available at: https://doi.org/10.1093/poq/nfp031.
Gaston, K.J. et al. (2005) ‘Urban Domestic Gardens (IV): The Extent of the Resource and its Associated Features’, Biodiversity and Conservation, 14(14), pp. 3327–3349. Available at: https://doi.org/10.1007/s10531-004-9513-9.
Gentile, A. et al. (2023) ‘Nature through virtual reality as a stress-reduction tool: A systematic review.’, International Journal of Stress Management [Preprint]. Available at: https://doi.org/10.1037/str0000300.
Gilbert, P. (2005) Compassion: Conceptualisations, research and use in psychotherapy. Routledge.
Gilbert, P. (2009) ‘Introducing compassion-focused therapy’, Advances in Psychiatric Treatment, 15(3), pp. 199–208. Available at: https://doi.org/10.1192/apt.bp.107.005264.
Gilgen-Ammann, R., Schweizer, T. and Wyss, T. (2019) ‘RR interval signal quality of a heart rate monitor and an ECG Holter at rest and during exercise’, European journal of applied physiology, 119(7), pp. 1525–1532.
Gonçalves, P. et al. (2021) ‘What’s biodiversity got to do with it? Perceptions of biodiversity and restorativeness in urban parks’, Ecology and Society, 26(3). Available at: https://doi.org/10.5751/ES-12598-260325.
Grahn, P. and Stigsdotter, U.K. (2010) ‘The relation between perceived sensory dimensions of urban green space and stress restoration’, Landscape and Urban Planning, 94(3–4), pp. 264–275. Available at: https://doi.org/10.1016/j.landurbplan.2009.10.012.
Greenhouse, S.W. and Geisser, S. (1959) ‘On methods in the analysis of profile data’, Psychometrika, 24(2), pp. 95–112. Available at: https://doi.org/10.1007/BF02289823.
Grönroos, M. et al. (2019) ‘Short‐term direct contact with soil and plant materials leads to an immediate increase in diversity of skin microbiota’, MicrobiologyOpen, 8(3), p. e00645. Available at: https://doi.org/10.1002/mbo3.645.
Gross, J.J., Sheppes, G. and Urry, H.L. (2011) ‘Cognition and Emotion Lecture at the 2010 SPSP Emotion Preconference: Emotion generation and emotion regulation: A distinction we should make (carefully)’, Cognition & Emotion, 25(5), pp. 765–781. Available at: https://doi.org/10.1080/02699931.2011.555753.
Gross, J.J., Uusberg, H. and Uusberg, A. (2019) ‘Mental illness and well-being: an affect regulation perspective’, World Psychiatry, 18(2), pp. 130–139. Available at: https://doi.org/10.1002/wps.20618.
Guerrero, P. et al. (2016) ‘Revealing cultural ecosystem services through instagram images: The potential of social media volunteered geographic information for urban green infrastructure planning and governance’, Urban Planning, 1(2), pp. 1–17. Available at: https://doi.org/10.17645/up.v1i2.609.
Gulyas, B.Z. and Edmondson, J.L. (2024) ‘The contribution of household fruit and vegetable growing to fruit and vegetable self‐sufficiency and consumption’, PLANTS, PEOPLE, PLANET, 6(1), pp. 162–173. Available at: https://doi.org/10.1002/ppp3.10413.
Gunawardena, K.R., Wells, M.J. and Kershaw, T. (2017) ‘Utilising green and bluespace to mitigate urban heat island intensity’, Science of The Total Environment, 584–585, pp. 1040–1055. Available at: https://doi.org/10.1016/j.scitotenv.2017.01.158.
Gunnarsson, B. and Hedblom, M. (2023) ‘Biophilia revisited: nature versus nurture’, Trends in Ecology & Evolution, 38(9), pp. 792–794. Available at: https://doi.org/10.1016/j.tree.2023.06.002.
Guo, M. and Gan, Y. (2010) ‘Reliability and validity of the Chinese version of positive and negative affect schedule-expanded in 660 college students’, Chinese Mental Health Journal, 24(7), pp. 524–528.
Guyot, M. et al. (2023) ‘Non-response bias in the analysis of the association between mental health and the urban environment: a cross-sectional study in Brussels, Belgium’, Archives of Public Health, 81(1), p. 129. Available at: https://doi.org/10.1186/s13690-023-01118-y.
Gyllin, M. and Grahn, P. (2005) ‘A semantic model for assessing the experience of urban biodiversity’, Urban Forestry & Urban Greening, 3(3), pp. 149–161. Available at: https://doi.org/10.1016/j.ufug.2005.04.004.
Happonen, J. (2023) ‘Polar Sensor Logger’. Available at: https://play.google.com/store/apps/details?id=com.j_ware.polarsensorlogger&hl=en_US (Accessed: 20 June 2023).
Hartig, T. et al. (1997) ‘A measure of restorative quality in environments’, Scandinavian housing and planning research, 14(4), pp. 175–194. Available at: https://doi.org/10.1080/02815739708730435.
Hartig, T. et al. (2014) ‘Nature and Health’, Annu. Rev. Public Health, 35(1), pp. 207–228. Available at: https://doi.org/10.1146/annurev-publhealth-032013-182443.
He, S., Cavanagh, P. and Intriligator, J. (1996) ‘Attentional resolution and the locus of visual awareness’, Nature, 383(6598), pp. 334–337. Available at: https://doi.org/10.1038/383334a0.
Hedblom, M., Gunnarsson, B., Iravani, B., et al. (2019) ‘Reduction of physiological stress by urban green space in a multisensory virtual experiment’, Scientific Reports, 9(1), pp. 1–11. Available at: https://doi.org/10.1038/s41598-019-46099-7.
Hedblom, M., Gunnarsson, B., Schaefer, M., et al. (2019) ‘Sounds of Nature in the City: No Evidence of Bird Song Improving Stress Recovery’, International Journal of Environmental Research and Public Health, 16(8). Available at: https://doi.org/10.3390/ijerph16081390.
Hedeker, D. (2015) ‘Methods for Multilevel Ordinal Data in Prevention Research’, Prevention Science, 16(7), pp. 997–1006. Available at: https://doi.org/10.1007/s11121-014-0495-x.
Hedin, M. et al. (2022) ‘Connecting Biodiversity With Mental Health and Wellbeing — A Review of Methods and Disciplinary Perspectives’, Frontiers in Ecology and Evolution, 10. Available at: https://www.frontiersin.org/articles/10.3389/fevo.2022.865727.
Heerwagen, J.H. and Orians, G.H. (1993) ‘Humans, Habitats, and Aesthetics’, in S.R. Kellert and E.O. Wilson (eds) The biophilia hypothesis. Washington, D.C.: Washington, D.C. : Island Press, 1993, pp. 138–172.
Hepburn, L. et al. (2021) ‘Bird Diversity Unconsciously Increases People’s Satisfaction with Where They Live’, Land, 10(2), p. 153. Available at: https://doi.org/10.3390/land10020153.
Herzog, T.R. et al. (2003) ‘Assessing the restorative components of environments’, Journal of Environmental Psychology, 23(2), pp. 159–170. Available at: https://doi.org/10.1016/S0272-4944(02)00113-5.
Heydon, J. (2020) ‘Procedural Environmental Injustice in “Europe’s Greenest City”: A Case Study into the Felling of Sheffield’s Street Trees’, Social Sciences, 9(6), p. 100. Available at: https://doi.org/10.3390/socsci9060100.
Heyman, E. (2012) ‘Analysing recreational values and management effects in an urban forest with the visitor-employed photography method’, Urban Forestry & Urban Greening, 11(3), pp. 267–277. Available at: https://doi.org/10.1016/j.ufug.2012.02.003.
Heywood, V.H. and Watson, R.T. (1995) Global biodiversity assessment. Cambridge university press Cambridge.
Hinds, J. and Sparks, P. (2008) ‘Engaging with the natural environment: The role of affective connection and identity’, Journal of Environmental Psychology, 28(2), pp. 109–120. Available at: https://doi.org/10.1016/j.jenvp.2007.11.001.
Hipp, J.A. et al. (2016) ‘The Relationship Between Perceived Greenness and Perceived Restorativeness of University Campuses and Student-Reported Quality of Life’, Environment and Behavior. Edited by A. Adams Arnett, Atri, Banning, Carrus, Chiesura, Coombes, Dyson, Fan, Felsten, Giles-Corti, Hansen-Ketchum, Hartig, Hartig, Hartig, Hipp, Honold, Jorgensen, Kaplan, Kelz, Korpela, Korpela, Kuh, Kuo, Kuo, Lau, Maas, McFarland, Ogunseitan, Rawson, Seitz, Ske, 48(10), pp. 1292–1308. Available at: https://doi.org/10.1177/0013916515598200.
Hollander, J.B. et al. (2019) ‘Seeing the city: using eye-tracking technology to explore cognitive responses to the built environment’, Journal of Urbanism: International Research on Placemaking and Urban Sustainability, 12(2), pp. 156–171. Available at: https://doi.org/10.1080/17549175.2018.1531908.
Hooykaas, M.J.D. et al. (2019) ‘Identification skills in biodiversity professionals and laypeople: A gap in species literacy’, Biological Conservation, 238, p. 108202. Available at: https://doi.org/10.1016/j.biocon.2019.108202.
Hoyle, H. et al. (2018) ‘Plant species or flower colour diversity? Identifying the drivers of public and invertebrate response to designed annual meadows’, Landscape and Urban Planning, 180, pp. 103–113. Available at: https://doi.org/10.1016/j.landurbplan.2018.08.017.
Huai, S. and Van De Voorde, T. (2022) ‘Which environmental features contribute to positive and negative perceptions of urban parks? A cross-cultural comparison using online reviews and Natural Language Processing methods’, Landscape and Urban Planning, 218, p. 104307. Available at: https://doi.org/10.1016/j.landurbplan.2021.104307.
Huang, L., Yang, T. and Li, Z. (2003) ‘Applicability of the Positive and Negative Affect Scale in Chinese.’, Chinese Mental Health Journal, 17(1), pp. 54–56.
Huang, S. et al. (2021) ‘The Contribution to Stress Recovery and Attention Restoration Potential of Exposure to Urban Green Spaces in Low-Density Residential Areas’, International Journal of Environmental Research and Public Health, 18(16), p. 8713. Available at: https://doi.org/10.3390/ijerph18168713.
Hunt, V.M. et al. (2014) ‘Survival, abundance, and capture rate of eastern cottontail rabbits in an urban park’, Urban Ecosystems, 17(2), pp. 547–560. Available at: https://doi.org/10.1007/s11252-013-0334-z.
Hussain, R.I. et al. (2019) ‘Management of mountainous meadows associated with biodiversity attributes, perceived health benefits and cultural ecosystem services’, Scientific Reports, 9(1). Available at: https://doi.org/10.1038/s41598-019-51571-5.
Ibrahim, R., Clayden, A. and Cameron, R. (2020) ‘Tropical urban parks in Kuala Lumpur, Malaysia: Challenging the attitudes of park management teams towards a more environmentally sustainable approach’, Urban Forestry & Urban Greening, 49, p. 126605.
Ikei, H., Song, C. and Miyazaki, Y. (2017) ‘Physiological Effects of Touching Wood’, International Journal of Environmental Research and Public Health, 14(7), p. 801. Available at: https://doi.org/10.3390/ijerph14070801.
Irvine, K.N. et al. (2023) ‘BIO-WELL: The development and validation of a human wellbeing scale that measures responses to biodiversity’, Journal of Environmental Psychology, 85, p. 101921. Available at: https://doi.org/10.1016/j.jenvp.2022.101921.
Jensen, M.P. et al. (2003) ‘One- and two-item measures of pain beliefs and coping strategies’, Pain, 104(3), pp. 453–469. Available at: https://doi.org/10.1016/s0304-3959(03)00076-9.
Jiang, B. et al. (2016) ‘A Dose-Response Curve Describing the Relationship Between Urban Tree Cover Density and Self-Reported Stress Recovery’, Environment and Behavior, 48(4), pp. 607–629. Available at: https://doi.org/10.1177/0013916514552321.
Jo, H. et al. (2013) ‘Physiological and Psychological Response to Floral Scent’, HortScience, 48(1), pp. 82–88. Available at: https://doi.org/10.21273/HORTSCI.48.1.82.
Jo, H.I., Lee, K. and Jeon, J.Y. (2022) ‘Effect of noise sensitivity on psychophysiological response through monoscopic 360 video and stereoscopic sound environment experience: a randomized control trial’, Scientific Reports, 12(1). Available at: https://doi.org/10.1038/s41598-022-08374-y.
Jo, S.-H., Park, J.-S. and Yeon, P.-S. (2021) ‘The Effect of Forest Video Using Virtual Reality on the Stress Reduction of University Students Focused on C University in Korea’, International Journal of Environmental Research and Public Health, 18(23). Available at: https://doi.org/10.3390/ijerph182312805.
Johansson, M. et al. (2014) ‘Does biological quality matter? Direct and reflected appraisal of biodiversity in temperate deciduous broad-leaf forest’, Urban Forestry & Urban Greening, 13(1), pp. 28–37. Available at: https://doi.org/10.1016/j.ufug.2013.10.009.
Jorgensen, A., Hitchmough, J. and Dunnett, N. (2007) ‘Woodland as a setting for housing-appreciation and fear and the contribution to residential satisfaction and place identity in Warrington New Town, UK’, Landscape and Urban Planning, 79(3–4), pp. 273–287. Available at: https://doi.org/10.1016/j.landurbplan.2006.02.015.
Joye, Y. and De Block, A. (2011) ‘“Nature and I are Two”: A Critical Examination of the Biophilia Hypothesis’, Environmental Values, 20(2), pp. 189–215. Available at: https://doi.org/10.3197/096327111X12997574391724.
Joye, Y. and Dewitte, S. (2018) ‘Nature’s broken path to restoration. A critical look at Attention Restoration Theory’, Journal of Environmental Psychology, 59, pp. 1–8. Available at: https://doi.org/10.1016/j.jenvp.2018.08.006.
Joye, Y. and Van den Berg, A. (2011) ‘Is love for green in our genes? A critical analysis of evolutionary assumptions in restorative environments research’, Urban Forestry & Urban Greening, 10(4), pp. 261–268. Available at: https://doi.org/10.1016/j.ufug.2011.07.004.
Kabisch, N. and Haase, D. (2013) ‘Green spaces of European cities revisited for 1990–2006’, Landscape and urban planning, 110(1), pp. 113–122. Available at: https://doi.org/10.1016/j.landurbplan.2012.10.017.
Kaiser, D.A. (2005) ‘Basic Principles of Quantitative EEG’, Journal of Adult Development, 12(2), pp. 99–104. Available at: https://doi.org/10.1007/s10804-005-7025-9.
Kaplan, R. and Kaplan, S. (1989) The experience of nature : a psychological perspective. Edited by S. Kaplan. Cambridge: Cambridge : Cambridge University Press, 1989.
Kaplan, S. (1995) ‘The restorative benefits of nature: Toward an integrative framework’, Journal of Environmental Psychology, 15(3), pp. 169–182. Available at: https://doi.org/10.1016/0272-4944(95)90001-2.
Kappas, A. (2011) ‘Emotion and Regulation are One!’, Emotion Review, 3(1), pp. 17–25. Available at: https://doi.org/10.1177/1754073910380971.
Kellert, S.R. (1993) ‘The Biological Basis for Human Values of Nature’, in S.R. Kellert and E.O. Wilson (eds) The biophilia hypothesis. Washington, D.C.: Washington, D.C. : Island Press, 1993, pp. 42–69.
Kew (2021) ‘A new Guinness World Records title for London: Kew Gardens is now officially home to the largest living plant collection on earth’, 16 September. Available at: https://www.kew.org/about-us/press-media/new-guinness-world-records-title-for-kew (Accessed: 30 July 2024).
Kim, M., Cheon, S. and Kang, Y. (2019) ‘Use of Electroencephalography (EEG) for the Analysis of Emotional Perception and Fear to Nightscapes’, Sustainability, 11(1). Available at: https://doi.org/10.3390/su11010233.
Kjellgren, A. and Buhrkall, H. (2010) ‘A comparison of the restorative effect of a natural environment with that of a simulated natural environment’, Journal of Environmental Psychology, 30(4), pp. 464–472. Available at: https://doi.org/10.1016/j.jenvp.2010.01.011.
Knaust, T. et al. (2022) ‘Exposure to virtual nature: the impact of different immersion levels on skin conductance level, heart rate, and perceived relaxation’, Virtual Reality, 26(3), pp. 925–938. Available at: https://doi.org/10.1007/s10055-021-00595-2.
Kobayashi, H. et al. (2015) ‘Analysis of Individual Variations in Autonomic Responses to Urban and Forest Environments’, Evidence-based Complementary and Alternative Medicine, 2015(November). Available at: https://doi.org/10.1155/2015/671094.
Kondo, M.C. et al. (2018) ‘Urban green space and its impact on human health’, International journal of environmental research and public health. Edited by M.C. Kondo, 15(3). Available at: https://doi.org/10.3390/ijerph15030445.
Kondo, M.C. et al. (2020) ‘Momentary mood response to natural outdoor environments in four European cities’, Environment International, 134. Available at: https://doi.org/10.1016/j.envint.2019.105237.
Kondo, M.C., Jacoby, S.F. and South, E.C. (2018) ‘Does spending time outdoors reduce stress? A review of real-time stress response to outdoor environments’, Health and Place, 51, pp. 136–150. Available at: https://doi.org/10.1016/j.healthplace.2018.03.001.
Krigolson, O.E. et al. (2017) ‘Choosing MUSE: Validation of a low-cost, portable EEG system for ERP research’, Frontiers in Neuroscience, 11(MAR), pp. 1–10. Available at: https://doi.org/10.3389/fnins.2017.00109.
Krippendorff, K. (2019) ‘Recording/coding.’, in pages 128-156, Content Analysis: An Introduction to Its Methodology. Fourth Edition. Thousand Oaks: SAGE Publications, Inc. Available at: https://doi.org/10.4135/9781071878781.
Kühn, S. et al. (2017) ‘In search of features that constitute an “enriched environment” in humans: Associations between geographical properties and brain structure’, Scientific Reports, 7(1), p. 11920. Available at: https://doi.org/10.1038/s41598-017-12046-7.
Kupferschmidt, K. (2023) ‘Twitter’s plan to cut off free data access evokes “fair amount of panic” among scientists’. Available at: https://doi.org/10.1126/science.adh0813.
Laborde, S., Mosley, E. and Thayer, J.F. (2017) ‘Heart rate variability and cardiac vagal tone in psychophysiological research–recommendations for experiment planning, data analysis, and data reporting’, Frontiers in psychology, 8, p. 213.
Lanki, T. et al. (2017) ‘Acute effects of visits to urban green environments on cardiovascular physiology in women: A field experiment’, Environmental Research, 159, pp. 176–185. Available at: https://doi.org/10.1016/j.envres.2017.07.039.
Largo-Wight, E., O’Hara, B.K. and Chen, W.W. (2016) ‘The Efficacy of a Brief Nature Sound Intervention on Muscle Tension, Pulse Rate, and Self-Reported Stress: Nature Contact Micro-Break in an Office or Waiting Room’, Health Environments Research & Design Journal, 10(1), pp. 45–51. Available at: https://doi.org/10.1177/1937586715619741.
Leckie, G., Morris, T. and Steele, F. (2016) Single-level and Multilevel Models for Ordinal Responses - Stata Practical, LEMMA VLE Module 9. Available at: http://www.bristol.ac.uk/cmm/learning/online-course/.
Lee, J.-Y. and Lee, D.-C. (2014) ‘Cardiac and pulmonary benefits of forest walking versus city walking in elderly women: A randomised, controlled, open-label trial’, European Journal of Integrative Medicine, 6(1), pp. 5–11. Available at: https://doi.org/10.1016/j.eujim.2013.10.006.
Lee, M. et al. (2022) ‘Psychological Effects of Green Experiences in a Virtual Environment: A Systematic Review’, Forests, 13(10), p. 1625. Available at: https://doi.org/10.3390/f13101625.
Leonardi, F. (2018) ‘The Definition of Health: Towards New Perspectives’, International Journal of Health Services, 48(4), pp. 735–748. Available at: https://doi.org/10.1177/0020731418782653.
Liang, H. et al. (2023) ‘The relationships among biodiversity, perceived biodiversity and recreational preference in urban green spaces–A case study in Xianyang, China’, Ecological Indicators, 146, p. 109916. Available at: https://doi.org/10.1016/j.ecolind.2023.109916.
Liddicoat, C. et al. (2020) ‘Naturally-diverse airborne environmental microbial exposures modulate the gut microbiome and may provide anxiolytic benefits in mice’, Science of the Total Environment, 701. Available at: https://doi.org/10.1016/j.scitotenv.2019.134684.
Lin, W. et al. (2020) ‘Sitting or Walking? Analyzing the Neural Emotional Indicators of Urban Green Space Behavior with Mobile EEG’, Journal of Urban Health, 97(2), pp. 191–203. Available at: https://doi.org/10.1007/s11524-019-00407-8.
Lindemann-Matthies, P. (2002) ‘The Influence of an Educational Program on Children’s Perception of Biodiversity’, The Journal of Environmental Education, 33(2), pp. 22–31. Available at: https://doi.org/10.1080/00958960209600805.
Lindemann-Matthies, P. and Bose, E. (2008) ‘How Many Species Are There? Public Understanding and Awareness of Biodiversity in Switzerland’, Human Ecology, 36(5), pp. 731–742. Available at: https://doi.org/10.1007/s10745-008-9194-1.
Lindemann-Matthies, P. and Matthies, D. (2018) ‘The influence of plant species richness on stress recovery of humans’, Web Ecol., 18(2), pp. 121–128. Available at: https://doi.org/10.5194/we-18-121-2018.
Linton, M.-J., Dieppe, P. and Medina-Lara, A. (2016) ‘Review of 99 self-report measures for assessing well-being in adults: exploring dimensions of well-being and developments over time’, BMJ Open, 6(7), p. e010641. Available at: https://doi.org/10.1136/bmjopen-2015-010641.
Liu, J. et al. (2023) ‘Awe of nature and well-being: Roles of nature connectedness and powerlessness’, Personality and Individual Differences, 201, p. 111946. Available at: https://doi.org/10.1016/j.paid.2022.111946.
Liu, J.-D. et al. (2020) ‘Chinese version of the international positive and negative affect schedule short form: factor structure and measurement invariance’, Health and Quality of Life Outcomes, 18(1), p. 285. Available at: https://doi.org/10.1186/s12955-020-01526-6.
Liu, J.J.W. et al. (2017) ‘Re-conceptualizing stress: Shifting views on the consequences of stress and its effects on stress reactivity’, PLOS ONE, 12(3), p. e0173188.
Liu, L. et al. (2022) ‘Restorative benefits of urban green space: Physiological, psychological restoration and eye movement analysis’, Journal of Environmental Management, 301, p. 113930. Available at: https://doi.org/10.1016/j.jenvman.2021.113930.
Liu, M. and Wronski, L. (2018) ‘Examining Completion Rates in Web Surveys via Over 25,000 Real-World Surveys’, Social Science Computer Review, 36(1), pp. 116–124. Available at: https://doi.org/10.1177/0894439317695581.
Lopez, K.L. et al. (2022) ‘HAPPILEE: HAPPE In Low Electrode Electroencephalography, a standardized pre-processing software for lower density recordings’, NeuroImage, 260, p. 119390. Available at: https://doi.org/10.1016/j.neuroimage.2022.119390.
Lorimer, J. (2015) Wildlife in the Anthropocene: conservation after nature. Minneapolis, Minnesota: Minneapolis, Minnesota.
Lovell, R. et al. (2014) ‘A Systematic Review of the Health and Well-Being Benefits of Biodiverse Environments’, Journal of Toxicology and Environmental Health - Part B: Critical Reviews, 17(1), pp. 1–20. Available at: https://doi.org/10.1080/10937404.2013.856361.
Luo, J., Wang, M. and Chen, L. (2021) ‘The Effects of Using a Nature-Sound Mobile Application on Psychological Well-Being and Cognitive Performance Among University Students’, Frontiers in Psychology, 12, p. 699908. Available at: https://doi.org/10.3389/fpsyg.2021.699908.
Macdonald, E.A. et al. (2015) ‘Conservation inequality and the charismatic cat: Felis felicis’, Global Ecology and Conservation, 3, pp. 851–866. Available at: https://doi.org/10.1016/j.gecco.2015.04.006.
MacKinnon, M. et al. (2022) ‘Urgent Biophilia: Green Space Visits in Wellington, New Zealand, during the COVID-19 Lockdowns’, Land, 11(6), p. 793. Available at: https://doi.org/10.3390/land11060793.
Mammola, S. et al. (2023) ‘How much biodiversity is concealed in the word “biodiversity”?’, Current Biology, 33(2), pp. R59–R60. Available at: https://doi.org/10.1016/j.cub.2022.12.003.
Markevych, I. et al. (2017) ‘Exploring pathways linking greenspace to health: Theoretical and methodological guidance’, Environmental Research, 158. Available at: https://doi.org/10.1016/j.envres.2017.06.028.
Marselle, M.R. et al. (2019) ‘Review of the Mental Health and Well-being Benefits of Biodiversity’, in M.R. Marselle et al. (eds) Biodiversity and Health in the Face of Climate Change. Cham: Springer International Publishing, pp. 175–211. Available at: https://doi.org/10.1007/978-3-030-02318-8_9.
Marselle, M.R. et al. (2021) ‘Pathways linking biodiversity to human health: A conceptual framework’, Environment International, 150, p. 106420. Available at: https://doi.org/10.1016/j.envint.2021.106420.
Mayer, F.S. et al. (2009) ‘Why Is Nature Beneficial?: The Role of Connectedness to Nature’, Environment and Behavior, 41(5), pp. 607–643. Available at: https://doi.org/10.1177/0013916508319745.
Mayer, F.S. and Frantz, C.M. (2004) ‘The connectedness to nature scale: A measure of individuals’ feeling in community with nature’, Journal of Environmental Psychology, 24(4), pp. 503–515. Available at: https://doi.org/10.1016/j.jenvp.2004.10.001.
McAllister, E., Bhullar, N. and Schutte, N.S. (2017) ‘Into the Woods or a Stroll in the Park: How Virtual Contact with Nature Impacts Positive and Negative Affect’, International Journal of Environmental Research and Public Health, 14(7), p. 786. Available at: https://doi.org/10.3390/ijerph14070786.
McDonald, R.I. et al. (2019) ‘Research gaps in knowledge of the impact of urban growth on biodiversity’, Nature Sustainability, 3(1), pp. 16–24. Available at: https://doi.org/10.1038/s41893-019-0436-6.
McEwan, K. et al. (2019) ‘A smartphone app for improving mental health through connecting with urban nature’, International Journal of Environmental Research and Public Health, 16(18), pp. 1–15. Available at: https://doi.org/10.3390/ijerph16183373.
McEwan, K., Richardson, M., et al. (2020) ‘Shmapped: development of an app to record and promote the well-being benefits of noticing urban nature’, Translational Behavioral Medicine, 10(3), pp. 723–733. Available at: https://doi.org/10.1093/tbm/ibz027.
McEwan, K., Ferguson, F.J., et al. (2020) ‘The good things in urban nature: A thematic framework for optimising urban planning for nature connectedness’, Landscape and Urban Planning, 194(October 2019), p. 103687. Available at: https://doi.org/10.1016/j.landurbplan.2019.103687.
McEwan, K. et al. (2021) ‘A pragmatic controlled trial of forest bathing compared with compassionate mind training in the UK: Impacts on self-reported wellbeing and heart rate variability’, Sustainability (Switzerland), 13(3), pp. 1–20. Available at: https://doi.org/10.3390/su13031380.
McEwan, K. et al. (2023) ‘Virtual Forest Bathing Programming as Experienced by Disabled Adults with Mobility Impairments and/or Low Energy: A Qualitative Study’, Forests, 14(5), p. 1033. Available at: https://doi.org/10.3390/f14051033.
McGinlay, J. et al. (2017) ‘Do charismatic species groups generate more cultural ecosystem service benefits?’, Ecosystem Services, 27(PA), pp. 15–24. Available at: https://doi.org/10.1016/j.ecoser.2017.07.007.
Mcmahan, E.A. and Estes, D. (2015) ‘The effect of contact with natural environments on positive and negative affect: A meta-analysis’, The Journal of Positive Psychology, 10(6), pp. 507–519. Available at: https://doi.org/10.1080/17439760.2014.994224.
McMahan, E.A. and Estes, D. (2015) ‘The effect of contact with natural environments on positive and negative affect: A meta-analysis’, The Journal of Positive Psychology, 10(6), pp. 507–519. Available at: https://doi.org/10.1080/17439760.2014.994224.
McManus, M.D., Siegel, J.T. and Nakamura, J. (2019) ‘The predictive power of low-arousal positive affect’, Motivation and Emotion, 43(1), pp. 130–144. Available at: https://doi.org/10.1007/s11031-018-9719-x.
McNemar, Q. (1946) ‘Opinion-attitude methodology.’, Psychological Bulletin, 43(4), pp. 289–374. Available at: https://doi.org/10.1037/h0060985.
Methorst, J. et al. (2021) ‘The importance of species diversity for human well-being in Europe’, Ecological Economics, 181. Available at: https://doi.org/10.1016/j.ecolecon.2020.106917.
Misselbrook, D. (2014) ‘W is for Wellbeing and the WHO definition of health’, British Journal of General Practice, 64(628), pp. 582–582. Available at: https://doi.org/10.3399/bjgp14X682381.
Montgomery, L.N. et al. (2022) ‘Children’s perception of biodiversity in their school grounds and its influence on their wellbeing and resilience’, Journal of Adventure Education and Outdoor Learning, pp. 1–15. Available at: https://doi.org/10.1080/14729679.2022.2100801.
Morikawa, T., Miyazaki, Y. and Kobayashi, S. (1998) ‘Time-series variations of blood pressure due to contact with wood’, Journal of Wood Science, 44(6), pp. 495–497. Available at: https://doi.org/10.1007/BF00833417.
Morrone-Strupinsky, J.V. and Depue, R.A. (2005) ‘A neurobehavioral model of affiliative bonding: Implications for conceptualizing a human trait of affiliation’, Behavioral and Brain Sciences, 28(3), pp. 313-+.
Navon, D. (1977) ‘Forest before trees: The precedence of global features in visual perception’, Cognitive Psychology, 9(3), pp. 353–383. Available at: https://doi.org/10.1016/0010-0285(77)90012-3.
Neuendorf, K.A. (2017) ‘The Content Analysis Guidebook’. Thousand Oaks, California. Available at: https://doi.org/10.4135/9781071802878.
Newman, L. and Dale, A. (2013) ‘Celebrating the Mundane: Nature and the Built Environment’, Environmental Values, 22(3), pp. 401–413. Available at: https://doi.org/10.3197/096327113X13648087563827.
Nghiem, T.P.L. et al. (2021) ‘Biodiverse urban forests, happy people: experimental evidence linking perceived biodiversity, restoration, and emotional wellbeing’, Urban Forestry & Urban Greening, 59(September 2020), p. 127030. Available at: https://doi.org/10.1016/j.ufug.2021.127030.
Nisbet, E. and Zelenski, J. (2013) ‘The NR-6: a new brief measure of nature relatedness   ’, Frontiers in Psychology  , p. 813.
Nisbet, E.K., Zelenski, J.M. and Murphy, S.A. (2009) ‘The nature relatedness scale: Linking individuals’ connection with nature to environmental concern and behavior’, Environment and behavior, 41(5), pp. 715–740.
Nisbet, E.K., Zelenski, J.M. and Murphy, S.A. (2011) ‘Happiness is in our nature: Exploring nature relatedness as a contributor to subjective well-being’, Journal of Happiness Studies, 12(2), pp. 303–322.
Nukarinen, T. et al. (2022) ‘Measures and modalities in restorative virtual natural environments: An integrative narrative review’, Computers in Human Behavior, 126, p. 107008. Available at: https://doi.org/10.1016/j.chb.2021.107008.
Nutsford, D. et al. (2016) ‘Residential exposure to visible blue space (but not green space) associated with lower psychological distress in a capital city’, Health and Place, 39, pp. 70–78. Available at: https://doi.org/10.1016/j.healthplace.2016.03.002.
Ohly, H. et al. (2016) ‘Attention Restoration Theory: A systematic review of the attention restoration potential of exposure to natural environments’, J Toxicol Environ Health B Crit Rev, 19(7), pp. 305–343. Available at: https://doi.org/10.1080/10937404.2016.1196155.
Özgüner, H. (2011) ‘Cultural Differences in Attitudes towards Urban Parks and Green Spaces’, Landscape Research, 36(5), pp. 599–620. Available at: https://doi.org/10.1080/01426397.2011.560474.
Palliwoda, J., Kowarik, I. and von der Lippe, M. (2017) ‘Human-biodiversity interactions in urban parks: The species level matters’, Landscape and Urban Planning, 157, pp. 394–406. Available at: https://doi.org/10.1016/j.landurbplan.2016.09.003.
Pálsdóttir, A.M. et al. (2021) ‘Garden Smellscape–Experiences of Plant Scents in a Nature-Based Intervention’, Frontiers in Psychology, 12. Available at: https://www.frontiersin.org/articles/10.3389/fpsyg.2021.667957.
Panksepp, J. (2010) ‘Affective neuroscience of the emotional BrainMind: evolutionary perspectives and implications for understanding depression’, Dialogues in Clinical Neuroscience, 12(4), pp. 533–545. Available at: https://doi.org/10.31887/DCNS.2010.12.4/jpanksepp.
Panksepp, J. et al. (2017) ‘Reconciling cognitive and affective neuroscience perspectives on the brain basis of emotional experience’, Neuroscience & Biobehavioral Reviews, 76, pp. 187–215. Available at: https://doi.org/10.1016/j.neubiorev.2016.09.010.
Parkes, L. et al. (2001) ‘Compulsory averaging of crowded orientation signals in human vision’, Nature Neuroscience, 4(7), pp. 739–744. Available at: https://doi.org/10.1038/89532.
Passmore, H.-A. and Holder, M.D. (2017) ‘Noticing nature: Individual and social benefits of a two-week intervention’, The Journal of Positive Psychology, 12(6), pp. 537–546. Available at: https://doi.org/10.1080/17439760.2016.1221126.
Passmore, H.-A., Yang, Y. and Sabine, S. (2022) ‘An Extended Replication Study of the Well-Being Intervention, the Noticing Nature Intervention (NNI)’, Journal of Happiness Studies, 23(6), pp. 2663–2683. Available at: https://doi.org/10.1007/s10902-022-00516-3.
Peckham, E. et al. (2015) ‘The use of unequal randomisation in clinical trials — An update’, Contemporary Clinical Trials, 45, pp. 113–122. Available at: https://doi.org/10.1016/j.cct.2015.05.017.
Pett, T.J. et al. (2016) ‘Unpacking the people-biodiversity paradox: A conceptual framework’, BioScience, 66(7), pp. 576–583. Available at: https://doi.org/10.1093/biosci/biw036.
Peugh, J.L. (2010) ‘A practical guide to multilevel modeling’, Journal of School Psychology, 48(1), pp. 85–112. Available at: https://doi.org/10.1016/j.jsp.2009.09.002.
Pilotti, M. et al. (2015) ‘Is Viewing a Nature Video After Work Restorative? Effects on Blood Pressure, Task Performance, and Long-Term Memory’, Environment and Behavior, 47(9), pp. 947–969. Available at: https://doi.org/10.1177/0013916514533187.
Polosan, M. et al. (2019) ‘Affective modulation of the associative-limbic subthalamic nucleus: deep brain stimulation in obsessive–compulsive disorder’, Translational Psychiatry, 9(1), p. 73. Available at: https://doi.org/10.1038/s41398-019-0404-y.
Porges, S.W. (1995) ‘Orienting in a defensive world: Mammalian modifications of our evolutionary heritage. A polyvagal theory’, Psychophysiology, 32(4), pp. 301–318.
Porges, S.W. (2007) ‘The polyvagal perspective’, Biological Psychology, 74(2), pp. 116–143. Available at: https://doi.org/10.1016/j.biopsycho.2006.06.009.
Posner, J., Russel, J.A. and Peterson, B.S. (2005) ‘The circumplex model of affect: An integrative approach to affective neuroscience, cognitive development, and psychopathology’, Development and Psychopathology, 17(3), pp. 715–734. Available at: https://doi.org/DOI: 10.1017/S0954579405050340.
Pritchard, A. et al. (2020) ‘The Relationship Between Nature Connectedness and Eudaimonic Well-Being: A Meta-analysis’, Journal of Happiness Studies, 21(3), pp. 1145–1167. Available at: https://doi.org/10.1007/s10902-019-00118-6.
Qi, Y. et al. (2022) ‘Comparative study on birdsong and its multi-sensory combinational effects on physio-psychological restoration’, Journal of Environmental Psychology, 83, p. 101879. Available at: https://doi.org/10.1016/j.jenvp.2022.101879.
Qiu, L., Lindberg, S. and Nielsen, A.B. (2013) ‘Is biodiversity attractive?—On-site perception of recreational and biodiversity values in urban green space’, Landscape and Urban Planning, 119, pp. 136–146. Available at: https://doi.org/10.1016/j.landurbplan.2013.07.007.
Ramirez, R. and Vamvakousis, Z. (2012) ‘Detecting Emotion from EEG Signals Using the Emotive Epoc Device BT - Brain Informatics’, in F.M. Zanzotto et al. (eds). Berlin, Heidelberg: Springer Berlin Heidelberg, pp. 175–184.
Rantakokko, M. et al. (2018) ‘Nature diversity and well-being in old age’, Aging Clinical and Experimental Research, 30(5), pp. 527–532. Available at: https://doi.org/10.1007/s40520-017-0797-5.
Rapuano, M. et al. (2022) ‘Spaces for relaxing, spaces for recharging: How parks affect people’s emotions’, Journal of Environmental Psychology, 81, p. 101809. Available at: https://doi.org/10.1016/j.jenvp.2022.101809.
Ratcliffe, E., Gatersleben, B. and Sowden, P.T. (2013) ‘Bird sounds and their contributions to perceived attention restoration and stress recovery’, Journal of Environmental Psychology, 36, pp. 221–228. Available at: https://doi.org/10.1016/j.jenvp.2013.08.004.
Rathmann, J. et al. (2020) ‘Using the visitor-employed photography method to analyse deadwood perceptions of forest visitors: a case study from Bavarian Forest National Park, Germany’, European Journal of Forest Research, 139(3), pp. 431–442. Available at: https://doi.org/10.1007/s10342-020-01260-0.
Redondo-Bermúdez, M.D.C. et al. (2021) ‘“Green barriers” for air pollutant capture: Leaf micromorphology as a mechanism to explain plants capacity to capture particulate matter’, Environmental Pollution, 288, p. 117809. Available at: https://doi.org/10.1016/j.envpol.2021.117809.
Reece, R. et al. (2022) ‘Exposure to Green, Blue and Historic Environments and Mental Well-Being: A Comparison between Virtual Reality Head-Mounted Display and Flat Screen Exposure’, International Journal of Environmental Research and Public Health, 19(15), p. 9457. Available at: https://doi.org/10.3390/ijerph19159457.
Reining, C.E., Lemieux, C.J. and Doherty, S.T. (2021) ‘Linking restorative human health outcomes to protected area ecosystem diversity and integrity’, Journal of Environmental Planning and Management, 64(13), pp. 2300–2325. Available at: https://doi.org/10.1080/09640568.2020.1857227.
Richards, D.R., Tunçer, B. and Tunçer, B. (2018) ‘Using image recognition to automate assessment of cultural ecosystem services from social media photographs’, Ecosystem Services, 31, pp. 318–325. Available at: https://doi.org/10.1016/j.ecoser.2017.09.004.
Richardson, M., Cormack, A., et al. (2016) ‘30 days wild: Development and evaluation of a large-scale nature engagement campaign to improve well-being’, PloS one, 11(2), p. e0149777.
Richardson, M., McEwan, K., et al. (2016) ‘Joy and Calm: How an Evolutionary Functional Model of Affect Regulation Informs Positive Emotions in Nature’, Evolutionary Psychological Science, 2(4), pp. 308–320. Available at: https://doi.org/10.1007/s40806-016-0065-5.
Richardson, M. et al. (2020) ‘Data from a smartphone app for improving mental health through urban nature 2016-2019’. UK Data Service. Available at: https://doi.org/10.5255/UKDA-SN-854203.
Richardson, M., Hallam, J. and Lumber, R. (2015) ‘One thousand good things in nature: Aspects of nearby nature associated with improved connection to nature’, Environmental Values, 24(5), pp. 603–619. Available at: https://doi.org/10.3197/096327115X14384223590131.
van Riper, C.J. et al. (2017) ‘Toward an integrated understanding of perceived biodiversity values and environmental conditions in a national park’, Ecological Indicators, 72, pp. 278–287. Available at: https://doi.org/10.1016/j.ecolind.2016.07.029.
Robinson, J.M. and Barrable, A. (2023) ‘Optimising Early Childhood Educational Settings for Health Using Nature-Based Solutions: The Microbiome Aspect’, Education Sciences, 13(2), p. 211. Available at: https://doi.org/10.3390/educsci13020211.
Robotham, D. and Julian, C. (2006) ‘Stress and the higher education student: a critical review of the literature’, Journal of Further and Higher Education, 30(2), pp. 107–117. Available at: https://doi.org/10.1080/03098770600617513.
Rodríguez, A. et al. (2015) ‘Assessing brain activations associated with emotional regulation during virtual reality mood induction procedures’, Expert Systems with Applications, 42(3), pp. 1699–1709. Available at: https://doi.org/10.1016/j.eswa.2014.10.006.
Roe, J. et al. (2020) ‘The Urban Built Environment, Walking and Mental Health Outcomes Among Older Adults: A Pilot Study’, Frontiers in Public Health, 8, p. 575946. Available at: https://doi.org/10.3389/fpubh.2020.575946.
Roe, J.J. et al. (2013) ‘Engaging the brain: The impact of natural versus urban scenes using novel EEG methods in an experimental setting’, Environ. Sci, 1(2), pp. 93–104.
Roque, A.D. et al. (2020) ‘Stress-induced cortisol reactivity as a predictor of success in treatment for affective dimensions’, Psychoneuroendocrinology, 116(January), p. 104646. Available at: https://doi.org/10.1016/j.psyneuen.2020.104646.
Russell, J.A. (1980) ‘A circumplex model of affect.’, Journal of Personality and Social Psychology, 39(6), pp. 1161–1178. Available at: https://doi.org/10.1037/h0077714.
Ryff, C.D., Boylan, J.M. and Kirsch, J.A. (2021) ‘Eudaimonic and Hedonic Well-Being: An Integrative Perspective with Linkages to Sociodemographic Factors and Health’, in M.T. Lee, L.D. Kubzansky, and T.J. VanderWeele (eds) Measuring Well-Being: Interdisciplinary Perspectives from the Social Sciences and the Humanities. Oxford University Press, p. 0. Available at: https://doi.org/10.1093/oso/9780197512531.003.0005.
San Juan, C., Subiza-Pérez, M. and Vozmediano, L. (2017) ‘Restoration and the City: The Role of Public Urban Squares’, Frontiers in Psychology, 8, p. 2093. Available at: https://doi.org/10.3389/fpsyg.2017.02093.
Sandifer, P.A., Sutton-Grier, A.E. and Ward, B.P. (2015) ‘Exploring connections among nature, biodiversity, ecosystem services, and human health and well-being: Opportunities to enhance health and biodiversity conservation’, Ecosystem Services, 12, pp. 1–15. Available at: https://doi.org/10.1016/j.ecoser.2014.12.007.
Schebella, M.F. et al. (2019) ‘In Pursuit of Urban Sustainability: Predicting Public Perceptions of Park Biodiversity Using Simple Assessment Tools’, International Journal of Environmental Research, 13(4), pp. 707–720. Available at: https://doi.org/10.1007/s41742-019-00200-0.
Schebella, M.F. et al. (2020) ‘The Nature of Reality: Human Stress Recovery during Exposure to Biodiverse, Multisensory Virtual Environments’, International Journal of Environmental Research and Public Health, 17(1). Available at: https://doi.org/10.3390/ijerph17010056.
Schramme, T. (2023) ‘Health as Complete Well-Being: The WHO Definition and Beyond’, Public Health Ethics, p. phad017. Available at: https://doi.org/10.1093/phe/phad017.
Schreuder, E. et al. (2016) ‘Emotional Responses to Multisensory Environmental Stimuli: A Conceptual Framework and Literature Review’, SAGE Open, 6(1), p. 215824401663059. Available at: https://doi.org/10.1177/2158244016630591.
Schultz, P.W. (2002) ‘Inclusion with Nature: The Psychology Of Human-Nature Relations’, in P. Schmuck and W.P. Schultz (eds) Psychology of Sustainable Development. Boston, MA: Springer US, pp. 61–78. Available at: https://doi.org/10.1007/978-1-4615-0995-0_4.
Schwabe, L. and Schächinger, H. (2018) ‘Ten years of research with the Socially Evaluated Cold Pressor Test: Data from the past and guidelines for the future’, Psychoneuroendocrinology, 92, pp. 155–161. Available at: https://doi.org/10.1016/j.psyneuen.2018.03.010.
Sedgwick, P. (2013) ‘Convenience sampling’, BMJ, 347(oct25 2), pp. f6304–f6304. Available at: https://doi.org/10.1136/bmj.f6304.
Shaffer, F., McCraty, R. and Zerr, C.L. (2014) ‘A healthy heart is not a metronome: an integrative review of the heart’s anatomy and heart rate variability’, Frontiers in psychology, 5, p. 1040. Available at: https://doi.org/10.3389/fpsyg.2014.01040.
Shan, X. et al. (2018) ‘Human-building interaction under various indoor temperatures through neural-signal electroencephalogram (EEG) methods’, Building and Environment, 129, pp. 46–53. Available at: https://doi.org/10.1016/j.buildenv.2017.12.004.
Shanahan, D.F. et al. (2016) ‘Health Benefits from Nature Experiences Depend on Dose’, Scientific Reports, 6. Available at: https://doi.org/10.1038/srep28551.
Sheller, M. (2004) ‘Automotive Emotions: Feeling the Car’, Theory, Culture & Society, 21(4–5), pp. 221–242. Available at: https://doi.org/10.1177/0263276404046068.
Shiloh, S., Sorek†, G. and Terkel, J. (2003) ‘REDUCTION OF STATE-ANXIETY BY PETTING ANIMALS IN A CONTROLLED LABORATORY EXPERIMENT’, Anxiety, Stress & Coping, 16(4), pp. 387–395. Available at: https://doi.org/10.1080/1061580031000091582.
Shin, W.S. et al. (2011) ‘The influence of interaction with forest on cognitive function’, Scandinavian Journal of Forest Research, 26(6), pp. 595–598. Available at: https://doi.org/10.1080/02827581.2011.585996.
Shwartz, Assaf et al. (2014) ‘Enhancing urban biodiversity and its influence on city-dwellers: An experiment’, Biological Conservation, 171, pp. 82–90. Available at: https://doi.org/10.1016/j.biocon.2014.01.009.
Shwartz, A. et al. (2014) ‘Outstanding challenges for urban conservation research and action’, Global Environmental Change, 28(1), pp. 39–49. Available at: https://doi.org/10.1016/j.gloenvcha.2014.06.002.
Simberloff, D. (1998) ‘Flagships, umbrellas, and keystones: Is single-species management passé in the landscape era?’, Biological Conservation, 83(3), pp. 247–257. Available at: https://doi.org/10.1016/S0006-3207(97)00081-5.
Simkin, J., Ojala, A. and Tyrväinen, L. (2020) ‘Restorative effects of mature and young commercial forests, pristine old-growth forest and urban recreation forest - A field experiment’, Urban Forestry & Urban Greening, 48, p. 126567. Available at: https://doi.org/10.1016/j.ufug.2019.126567.
Simpson, J. et al. (2019) ‘Visual engagement with urban street edges: insights using mobile eye-tracking’, Journal of Urbanism: International Research on Placemaking and Urban Sustainability, 12(3), pp. 259–278. Available at: https://doi.org/10.1080/17549175.2018.1552884.
Sims, V. et al. (2008) ‘Avian assemblage structure and domestic cat densities in urban environments’, Diversity and Distributions, 14(2), pp. 387–399. Available at: https://doi.org/10.1111/j.1472-4642.2007.00444.x.
Soga, M. et al. (2023) ‘The vicious cycle of biophobia’, Trends in Ecology & Evolution, 38(6), pp. 512–520. Available at: https://doi.org/10.1016/j.tree.2022.12.012.
Soga, M. and Gaston, K.J. (2016) ‘Extinction of experience: The loss of human-nature interactions’, Frontiers in Ecology and the Environment, 14(2), pp. 94–101. Available at: https://doi.org/10.1002/fee.1225.
Soga, M. and Gaston, K.J. (2018) ‘Shifting baseline syndrome: causes, consequences, and implications’, Frontiers in Ecology and the Environment, 16(4), pp. 222–230. Available at: https://doi.org/10.1002/fee.1794.
Sol, D. et al. (2014) ‘Urbanisation tolerance and the loss of avian diversity’, Ecology Letters. Edited by D. Mouillot, 17(8), pp. 942–950. Available at: https://doi.org/10.1111/ele.12297.
Song, C. et al. (2015) ‘Physiological and psychological effects of a walk in Urban parks in fall’, Int J Environ Res Public Health, 12(11), pp. 14216–14228. Available at: https://doi.org/10.3390/ijerph121114216.
Song, C. et al. (2019) ‘Physiological and psychological effects of viewing forests on young women’, Forests, 10(8). Available at: https://doi.org/10.3390/f10080635.
Song, C., Ikei, H. and Miyazaki, Y. (2021) ‘Effects of forest-derived visual, auditory, and combined stimuli’, Urban Forestry & Urban Greening, 64, p. 127253. Available at: https://doi.org/10.1016/j.ufug.2021.127253.
Sousa, R. et al. (2021) ‘HRV patterns associated with different affect regulation systems: Sex differences in adolescents’, International Journal of Psychophysiology, 170, pp. 156–167. Available at: https://doi.org/10.1016/j.ijpsycho.2021.10.009.
Southon, G.E. et al. (2017) ‘Biodiverse perennial meadows have aesthetic value and increase residents’ perceptions of site quality in urban green-space’, Landscape and Urban Planning, 158, pp. 105–118. Available at: https://doi.org/10.1016/j.landurbplan.2016.08.003.
Speak, A. et al. (2020) ‘The influence of tree traits on urban ground surface shade cooling’, Landscape and Urban Planning, 197, p. 103748. Available at: https://doi.org/10.1016/j.landurbplan.2020.103748.
Spotswood, E.N. et al. (2021) ‘The Biological Deserts Fallacy: Cities in Their Landscapes Contribute More than We Think to Regional Biodiversity’, BioScience, 71(2), pp. 148–160. Available at: https://doi.org/10.1093/biosci/biaa155.
Staats, H. et al. (2016) ‘Urban options for psychological restoration: Common strategies in everyday situations’, PLoS ONE, 11(1). Available at: https://doi.org/10.1371/journal.pone.0146213.
Statistics, O. of N. (2016) Ethnic group, national identity and religion, Ons.Gov.Uk. Available at: https://www.ons.gov.uk/methodology/classificationsandstandards/measuringequality/ethnicgroupnationalidentityandreligion (Accessed: 3 August 2021).
Steele, F. (2011) ‘Module 9: single-level and multilevel models for ordinal responses concepts’, Centre for Multilevel Modelling, University of Bristol [Preprint].
Stevenson, M.P., Schilhab, T. and Bentsen, P. (2018) ‘Attention Restoration Theory II: a systematic review to clarify attention processes affected by exposure to natural environments’, J Toxicol Environ Health B Crit Rev, 21(4), pp. 227–268. Available at: https://doi.org/10.1080/10937404.2018.1505571.
Stigsdotter, U.K. et al. (2017) ‘It is not all bad for the grey city – A crossover study on physiological and psychological restoration in a forest and an urban environment’, Health and Place, 46, pp. 145–154. Available at: https://doi.org/10.1016/j.healthplace.2017.05.007.
Stoltzfus, J.C. (2011) ‘Logistic Regression: A Brief Primer’, Acad Emerg Med, 18(10), pp. 1099–1104. Available at: https://doi.org/10.1111/j.1553-2712.2011.01185.x.
Subiza-Pérez, M., Vozmediano, L. and San Juan, C. (2019) ‘Pretest-posttest field studies on psychological restoration: a descriptive review and reflections for the future’, Landscape Research, 44(4), pp. 493–505. Available at: https://doi.org/10.1080/01426397.2018.1493443.
Suko, Y. et al. (2022) ‘Alleviating Surgeons’ Stress through Listening to Natural Sounds in a Half-Encapsulated Rest Space after an Operation: A Pilot, Longitudinal Field Study’, International Journal of Environmental Research and Public Health, 19(19), p. 12736. Available at: https://doi.org/10.3390/ijerph191912736.
Sun, Y. et al. (2023) ‘Physiological and affective responses to green space virtual reality among pregnant women’, Environmental Research, 216, p. 114499. Available at: https://doi.org/10.1016/j.envres.2022.114499.
Sverdlov, O. and Ryeznik, Y. (2019) ‘Implementing unequal randomization in clinical trials with heterogeneous treatment costs’, Statistics in Medicine, 38(16), pp. 2905–2927. Available at: https://doi.org/10.1002/sim.8160.
Tam, K.-P. (2013) ‘Concepts and measures related to connection to nature: Similarities and differences’, Journal of Environmental Psychology, 34, pp. 64–78. Available at: https://doi.org/10.1016/j.jenvp.2013.01.004.
Taylor, L. and Hochuli, D.F. (2017) ‘Defining greenspace: Multiple uses across multiple disciplines’, Landscape and Urban Planning, 158, pp. 25–38. Available at: https://doi.org/10.1016/j.landurbplan.2016.09.024.
Thomas, R.L., Baker, P.J. and Fellowes, M.D.E. (2014) ‘Ranging characteristics of the domestic cat (Felis catus) in an urban environment’, Urban Ecosystems, 17(4), pp. 911–921. Available at: https://doi.org/10.1007/s11252-014-0360-5.
Thomas, R.L., Fellowes, M.D.E. and Baker, P.J. (2012) ‘Spatio-Temporal Variation in Predation by Urban Domestic Cats (Felis catus) and the Acceptability of Possible Management Actions in the UK’, PLoS ONE. Edited by M. Hayward, 7(11), p. e49369. Available at: https://doi.org/10.1371/journal.pone.0049369.
Thompson, E.R. (2007) ‘Development and validation of an internationally reliable short-form of the Positive and Negative Affect Schedule (PANAS)’, Journal of Cross-Cultural Psychology, 38(2), pp. 227–242. Available at: https://doi.org/10.1177/0022022106297301.
Tian, Y., Jim, C.Y. and Wang, H. (2014) ‘Assessing the landscape and ecological quality of urban green spaces in a compact city’, Landscape and Urban Planning, 121, pp. 97–108. Available at: https://doi.org/10.1016/j.landurbplan.2013.10.001.
Tilman, D. et al. (2017) ‘Future threats to biodiversity and pathways to their prevention’, Nature, 546(7656), pp. 73–81. Available at: https://doi.org/10.1038/nature22900.
Tsunetsugu, Y. and Ishibashi, K. (2019) ‘Heart rate and heart rate variability in infants during olfactory stimulation’, Annals of Human Biology, 46(4), pp. 347–353. Available at: https://doi.org/10.1080/03014460.2019.1622775.
Tsunetsugu, Y. and Sugiyama, M. (2021) ‘Heat transfer, physiological responses, and subjective perceptions during short contact time with wood or other materials’, Journal of Wood Science, 67(1), p. 27. Available at: https://doi.org/10.1186/s10086-021-01960-0.
Tversky, A. and Kahneman, D. (1992) ‘Advances in prospect theory: Cumulative representation of uncertainty’, Journal of Risk and Uncertainty, 5(4), pp. 297–323. Available at: https://doi.org/10.1007/BF00122574.
Twohig-Bennett, C. and Jones, A. (2018) ‘The health benefits of the great outdoors: A systematic review and meta-analysis of greenspace exposure and health outcomes’, Environmental Research, 166(July), pp. 628–637. Available at: https://doi.org/10.1016/j.envres.2018.06.030.
Tzoulas, K. et al. (2007) ‘Promoting ecosystem and human health in urban areas using Green Infrastructure: A literature review’, Landscape and Urban Planning, 81(3), pp. 167–178. Available at: https://doi.org/10.1016/j.landurbplan.2007.02.001.
Uebel, K. et al. (2021) ‘Urban green space soundscapes and their perceived restorativeness’, People and Nature, 3(3), pp. 756–769. Available at: https://doi.org/10.1002/pan3.10215.
Ulrich, R.S. (1983) ‘Aesthetic and affective response to natural environment’, in I. Altman and J. Wohlwill (eds) Behavior and the natural environment. New York: Springer, pp. 85–125.
Ulrich, R.S. (1984) ‘View through a window may influence recovery from surgery’, science, 224(4647), pp. 420–421.
Ulrich, R.S. et al. (1991) ‘Stress recovery during exposure to natural and urban environments’, Journal of Environmental Psychology, 11(3), pp. 201–230. Available at: https://doi.org/10.1016/S0272-4944(05)80184-7.
Ulrich, R.S. (1993) ‘Biophilia, biophobia, and natural landscapes’, in S.R. Kellert and E.O. Wilson (eds) The biophilia hypothesis. Washington, D.C.: Washington, D.C. : Island Press, 1993, pp. 73–137.
United Nations (1992) ‘Convention on Biological Diversity’. United Nations.
Upreti, G. (2023) ‘Biodiversity and Ecosystem Destruction’, in Upreti, G., Ecosociocentrism. Cham: Springer Nature Switzerland, pp. 31–64. Available at: https://doi.org/10.1007/978-3-031-41754-2_3.
Van Den Berg, A.E. and Custers, M.H.G. (2011) ‘Gardening Promotes Neuroendocrine and Affective Restoration from Stress’, Journal of Health Psychology, 16(1), pp. 3–11. Available at: https://doi.org/10.1177/1359105310365577.
Van Den Berg, A.E., Jorgensen, A. and Wilson, E.R. (2014) ‘Evaluating restoration in urban green spaces: Does setting type make a difference?’, Landscape and Urban Planning, 127(C), pp. 173–181. Available at: https://doi.org/10.1016/j.landurbplan.2014.04.012.
Van Den Bogerd, N. et al. (2018) ‘Greenery in the university environment: Students’ preferences and perceived restoration likelihood’, PLoS ONE, 13(2). Available at: https://doi.org/10.1371/journal.pone.0192429.
Van Hedger, S.C. et al. (2019) ‘The Aesthetic Preference for Nature Sounds Depends on Sound Object Recognition’, Cognitive Science, 43(5), p. e12734. Available at: https://doi.org/10.1111/cogs.12734.
Vogdrup-Schmidt, M., Strange, N. and Thorsen, B.J. (2019) ‘Support for Transnational Conservation in a Gain-Loss Context’, Ecological Economics, 162, pp. 49–58. Available at: https://doi.org/10.1016/j.ecolecon.2019.04.026.
Wang, X. et al. (2016) ‘Stress recovery and restorative effects of viewing different urban park scenes in Shanghai, China’, Urban Forestry and Urban Greening, 15, pp. 112–122. Available at: https://doi.org/10.1016/j.ufug.2015.12.003.
Watson, D. and Clark, L.A. (1992) ‘On Traits and Temperament: General and Specific Factors of Emotional Experience and Their Relation to the Five‐Factor Model’, Journal of Personality, 60(2), pp. 441–476. Available at: https://doi.org/10.1111/j.1467-6494.1992.tb00980.x.
Watson, D. and Clark, L.A. (1994) ‘The PANAS-X Manual for the Positive and Negative Affect Schedule - Expanded Form’.
Watson, D., Clark, L.A. and Tellegen, A. (1988) ‘Development and validation of brief measures of positive and negative affect: the PANAS scales.’, Journal of personality and social psychology, 54(6), p. 1063.
Wen, Y. et al. (2019) ‘Medical empirical research on forest bathing (Shinrin-yoku): A systematic review’, Environmental Health and Preventive Medicine, 24(1), pp. 1–21. Available at: https://doi.org/10.1186/s12199-019-0822-8.
White, M. et al. (2010) ‘Blue space: The importance of water for preference, affect, and restorativeness ratings of natural and built scenes’, Journal of Environmental Psychology, 30(4), pp. 482–493. Available at: https://doi.org/10.1016/j.jenvp.2010.04.004.
Wilkie, S. and Clouston, L. (2015) ‘Environment preference and environment type congruence: Effects on perceived restoration potential and restoration outcomes’, Urban Forestry and Urban Greening, 14(2), pp. 368–376. Available at: https://doi.org/10.1016/j.ufug.2015.03.002.
Williams, G.M. and Smith, A.P. (2016) ‘Using Single-Item Measures to Examine the Relationships between Work, Personality, and Well-Being in the Workplace’, Psychology, 07(06), pp. 753–767. Available at: https://doi.org/10.4236/psych.2016.76078.
Wilson, E.O. (1984) Biophilia. Cambridge, MA: Cambridge, MA : Harvard University Press, 1984.
Wilson, E.O. (1993) ‘Biophilia and the Conservation Ethic’, in S.R. Kellert and E.O. Wilson (eds) The biophilia hypothesis. Washington, D.C.: Washington, D.C. : Island Press, 1993, pp. 31–41.
Wolf, K.L. et al. (2020) ‘Urban Trees and Human Health: A Scoping Review’, International Journal of Environmental Research and Public Health, 17(12), p. 4371. Available at: https://doi.org/10.3390/ijerph17124371.
Wolf, L.J. et al. (2017) ‘Is Variety the Spice of Life? An Experimental Investigation into the Effects of Species Richness on Self-Reported Mental Well-Being.’, PloS one. Edited by L.J. Wolf, 12(1), pp. e0170225–e0170225. Available at: https://doi.org/10.1371/journal.pone.0170225.
Wood, E. et al. (2018) ‘Not all green space is created equal: Biodiversity predicts psychological restorative benefits from urban green space’, Frontiers in Psychology, 9(NOV). Available at: https://doi.org/10.3389/fpsyg.2018.02320.
World Health Organization (2016) ‘Urban green spaces and health - a review of evidence.’, p. 92.
World Health Organization (2020) ‘Basic documents: forty-ninth edition (including amendments adopted up to 31 May 2019)’. Geneva. Available at: https://apps.who.int/gb/bd/.
Yang, J. et al. (2021) ‘Gray cityscape caused by particulate matter pollution hampers human stress recovery’, Journal of Cleaner Production, 279, p. 123215. Available at: https://doi.org/10.1016/j.jclepro.2020.123215.
Yao, W., Zhang, X. and Gong, Q. (2021) ‘The effect of exposure to the natural environment on stress reduction: A meta-analysis’, Urban Forestry & Urban Greening, 57, pp. 1–12. Available at: https://doi.org/10.1016/j.ufug.2020.126932.
Ye, H.-Y. et al. (2024) ‘Similar tolerance of urban birds towards both benign human and lethal cat predators’, Journal of Ornithology [Preprint]. Available at: https://doi.org/10.1007/s10336-024-02194-9.
Yuvaraj, R. et al. (2014) ‘On the analysis of EEG power, frequency and asymmetry in Parkinson’s disease during emotion processing’, Behavioral and Brain Functions, 10(1), p. 12. Available at: https://doi.org/10.1186/1744-9081-10-12.
Zabini, F. et al. (2020) ‘Comparative Study of the Restorative Effects of Forest and Urban Videos during COVID-19 Lockdown: Intrinsic and Benchmark Values’, International Journal of Environmental Research and Public Health, 17(21). Available at: https://doi.org/10.3390/ijerph17218011.
Zhang, L., Dempsey, N. and Cameron, R. (2023) ‘Flowers – Sunshine for the soul! How does floral colour influence preference, feelings of relaxation and positive up-lift?’, Urban Forestry & Urban Greening, 79, p. 127795. Available at: https://doi.org/10.1016/j.ufug.2022.127795.
Ziege, M. et al. (2020) ‘Ranging behavior of European rabbits (Oryctolagus cuniculus) in urban and suburban landscapes’, Mammal Research, 65(3), pp. 607–614. Available at: https://doi.org/10.1007/s13364-020-00490-2.





[bookmark: _Toc179962423]Appendix
[bookmark: _Toc179962424]Publications and copyright
Since the submission of this thesis Chapters 5 and 6 have been accepted for publication. The University of Sheffield Code of Practice (page 43) recommends that authors should seek permission from the publishing journal. As this thesis was funded by UKRI, it is required that any output will be published open access.
The following links and screenshots show that the publishers allow the authors to upload the content of their publications on institutional repositories.
Chapter 5 - PLOSone
 https://journals.plos.org/plosone/s/licenses-and-copyright
[image: ]



Chapter 6 - Cities and Health (published by Taylor & Francis)
https://authorservices.taylorandfrancis.com/choose-open/publishing-open-access/
https://authorservices.taylorandfrancis.com/research-impact/sharing-versions-of-journal-articles/
[image: ]



[bookmark: _Toc179962425]Chapter 3 - Methodology Appendix
[bookmark: _Toc179962426]Complete experimental protocol – Face to face
[bookmark: _Hlk100651033]Set up (20-25 minutes)
	Computer setup
	Device pairing
	Greetings and information
	Consent
	Wearing the sensors

	5 minutes
	5 minutes
	10 minutes
	5 minutes
	10 minutes



Greetings and information -> The researchers welcome the participants, have them seated and hand over the information sheet, allowing the participants time to read it. Then one of the reseachers illustrates the experimental procedure with a flowchart. Afterwards, the participants will have the chance to ask questions.
Consent -> The researchers hand over the consent form, allowing the participants time to read it and ask any questions. Collect the completed forms.
Wearing the sensors -> The participants receive the HRV chest strap and are instructed how to wear it. The researchers then help the participants wearing the EEG headset. The researchers check with the participants that everything feels comfortable. The participants are then seated in front of the computer, while the researchers check that the sensors are connected by taking a test reading.
Measurements (15 minutes)
Baseline -> The participants are asked to breathe normally but refrain from talking. The researchers record the EEG and HRV for 3 minutes.
Questionnaire -> The participants are invited to fill in a questionnaire that will record demographics and baseline PANAS. The participants then stop at the break page. 
Stressor -> The participants listen to the stressor sound (15 seconds), then complete the PANAS questionnaire a second time. The researchers record the EEG and HRV for 1 minute, as the stressor starts. 
Virtual Tour -> The participants explore the virtual park for 3 minutes, while the researchers record the EEG and HRV. The participants complete the PANAS questionnaire one last time. 
	Baseline
	Questionnaire
	Stressor
	Virtual Tour

	3 minutes
	(1 minute)
	(1 minute)
	(3 minutes)

	HRV and EEG
	PANAS
	HRV, EEG and PANAS
	HRV, EEG and PANAS



Conclusion (15 minutes)
Thanks and device collection -> The researchers thank the participants for taking part in the study and then help them remove the devices. 
Compensation and farewell -> The researchers offer a 10£ voucher to each participant and say goodbye.
Device cleaning -> The researchers detach the HRV sensors from the chest strap and clean the band. The researchers check the felt pads of the EEG headset and change them if necessary. 
	Baseline
	Questionnaire
	Stressor
	Virtual Tour

	3 minutes
	(1 minute)
	(1 minute)
	(3 minutes)

	HRV and EEG
	PANAS
	HRV, EEG and PANAS
	HRV, EEG and PANAS
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[bookmark: _Toc179962427]Schematic literature review of electroencephalographic studies
	Paper
	Looking at
	N
	Measured
	Data processing
	Statistics
	Results
	Journal

	(Lin et al., 2020)
	Differences between sitting and walking in green space, after stressful task
	40, college students
	Six emotional parameters from Emotiv Affectiv suite. 7hz
	No details provided. Assume it’s Emotive Pro
	One-way ANCOVA with pre-test measure as covariate
	Higher “valence” and “meditation” in the walking group. Higher “focus” in the sitting group 
	Journal of Urban Health

	(Elsadek and Liu, 2020)
	Differences between looking blue vs purple Hydrangea vs control
	30, finance employees, all females
	Relative α power on F3 F4 O1 and O2
	High pass 0,5 hz, lowpass 50 hz. Artifacts removed with ADJUST
	One-way repeated measure ANOVA (no between subjects)
	Viewing blue flowers elicited more alpha relative power than control and purple flowers. Purple flowers elicited more alpha than control. Relative alpha ranged 0.15-0.25 in the O region and 0.07-0.15 in the AF region
	Indoor and Built Environment

	(Johansson et al., 2014)
	Differences between looking at images of High, Medium, Low diverse broadleaf forest
	35, University staff and friends
	F3 F4 P3 P4 T5 T6, spectral powers
	High pass 0.5hz, lowpass 30hz, manual rejection of artifacts, 1 minute epochs
	MANOVA with repeated measure within-subject design testing for polynomial contrasts
	Absolute Delta and Theta higher in the F, P and T region when viewing the Low diversity forest. No significant trends for alpha. Higher absolute beta when viewing the Medium diversity forest.
	Urban Forestry & Urban Greening

	(Shan et al., 2018)
	Difference between neutral vs warm vs cold ambient temperature
	22, university students
	Activity= mean β power - mean α power
Unclear if this is the mean of all channels
Asymmetrical brain activity= F3 – F4
Unclear if this is only the alpha activity
	EEGLAB highpass 3hz, lowpass 45hz. Manual rejection of non-stereotypical artifacts. ICA. 8s epochs for power analysis.
	Wilcoxon related sample, comparing the averaged spectrum of all data epochs.
	Higher “asymmetrical activity” in the neutral temperature condition
	Building and Environment

	(Aspinall et al., 2015)
	Differences between walking in urban, green and urban busy space.
	12, university students
	Emotional parameters from Emotiv Affectiv suite. These where geomapped, showing the emotional scores change along the way
	No details provided. No access to raw data. They had to trust the Emotive software. Random selection of 5 minutes’ walk was analysed
	a form of high dimensional correlated component regression analysis with M-fold cross-validation. Logistic regression.
	Moving from urban to green space reduced “frustration”, “engagement” and “excitement”, but increased “meditation”. Moving from green space to busy urban space increased “engagement”. The authors equate engagement with directed attention.
	British Journal of Sports Medicine

	(Kim, Cheon and Kang, 2019)
	Differences at viewing nightscapes (still images) of built or green spaces, with or without people
	60, students and staff
	Relative alpha and beta from F3, F4, AF3, AF4, O1, O2, P7, P8
	Not detailed. Filtering (band limits not specified) and FFT
	Two-way or one-way ANOVA
	Relative Alpha was different on all channels, before and after seeing the pictures with an adult (range is high 0.15-0.3). Relative beta was different on AF3, AF4, P7, P8 (range is high again 0.2-0.6). Did they clean the data at all??
	Sustainability

	(Chiang, Li and Jane, 2017)
	Differences in looking at 3D pictures of 3 locations and 3 vegetation densities
	180, students
	Alpha (absolute??) at FP1 (close to AF3)
	No details provided
	One-way ANOVA
	Higher alpha viewing pictures from inside the forest. Non-significant differences for vegetation density in tended nature
	Landscape and Urban Planning

	(Roe et al., 2013)
	Differences in looking at urban vs natural images
	20, students
	Emotional parameters from Emotiv Affectiv suite.
	No details provided. Emotiv software
	factor analysis (oblique rotation) reduced the 5 emotional parameters to 2 groups. Correlation bivariates. latent class analysis
	Higher scores for “excitement” in the urban images. Higher “meditation” and “engagement” for the natural pictures
	Environ. Sci

	(Rodríguez et al., 2015)
	Differences between groups looking at mood eliciting images. Groups: control, expressive suppression, cognitive reappraisal
	24, aged 19-36
	Brain activation maps and powerbands.
	EEGLAB
DC removal, linear filter (0.5 - 45hz), EOG and artifacts removal with ADJUST. Compared Pre and post treatment rest activities with sLORETA
	Voxel-wise t-tests
	Most differences were in the theta band, distributed in various areas of the brain.
Some alphas differences in the frontal lobes
	Expert Systems with Applications

	(Yuvaraj et al., 2014)
	Differences between Parkinson’s and Healthy subjects in processing emotions
	23 Parkinson’s, 30 healthy
	Absolute and relative powerbands (delta, theta, alpha, beta)
Measures of interhemispheric (absolute) power asymmetry for each band were also computed for seven homologous sites (AF3AF4, F7-F8, F3-F4, FC5-FC6, T7-T8, P7-P8, O1-O2) and an additional set of ten electrode site pairs (AF3-F3, AF4F4, F3-O1, F4-O2, FC5-P7, FC6-P8, P7-O1, P8-O2, T7O1, T8-O2) were used to derive measures of interhemispheric power asymmetry for each band
	MATLAB,
Data cut in the six emotions blocks, then filtered and epoched (6s). Blink artifacts removed by cutting data epochs beyond +-80µv
	three-way repeated measures (mixed design) analysis of variance (ANOVA)
Emotional states and Electrode sites as a within subjects factor and Group as between subjects factor
	significant difference between PD patients and NC group in delta, theta, alpha, and beta frequency band during emotion information processing, with PD patients having less absolute power across all the emotional state.
PD patients exhibited significant (p < 0.05) differences, with smaller relative power values than normal controls at all scalp sites.
both groups evidenced positive asymmetry ratio values during the emotional stimuli (greater right than left hemisphere power) the positive values were generally larger in the normal controls than in the PD patients.
	Behavioral and Brain Functions

	(Bacevice and Ducao, 2021)
	EEG differences in various working areas of the same office
	9 round 1,
13 round 2
	Neurosky’s “attention” and “meditation” (i.e., relaxation) median scores (recorded at 1hz)
	Neurosky’s algorithm
	Descriptives data only (medians, standard deviations), maps, charts
	Difference in delta/theta indexes between old and new spaces, interpreted as increased relaxation in new spaces.
	Intelligent Buildings International
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Table S.1 Complete list of variables and codes
	Photograph level variables
	Description
	Categories

	Feeling
	Response to the question: “How did you feel in this place?”
	1
2
3
4
5

	Perceived biodiversity
	[bookmark: _Hlk177719923]Response to the question: “How many types of plants/trees/animals would you guess there were?”
	0 = none
1 = some
2 = quite a bit
3 = lots

	Perceived building density
	Response to the question: “How built-up was this place?”
	0 = not at all
1 = a little
2 = partly
3 = very

	Richness estimated
	Species richness estimated in the photograph
	0 = 0 species
1 = 1 to 3 species
2 = 4 to 6 species
3 = 7 and more species

	Species number
	The number of species
	

	Photograph Codes
	
	

	berries
	Present/portrayed in the photograph
	0 = absent
1 = present

	birds
	Present/portrayed in the photograph
	0 = absent
1 = present

	building
	Present/portrayed in the photograph
	0 = absent
1 = present

	cat
	Present/portrayed in the photograph
	0 = absent
1 = present

	colourful flowers
	Present/portrayed in the photograph
	0 = absent
1 = present

	creeper plants
	Present/portrayed in the photograph
	0 = absent
1 = present

	darkness
	The photograph was taken in a dark place or during the night
	0 = no
1 = yes

	dog
	Present/portrayed in the photograph
	0 = absent
1 = present

	Litter and rubbish
	Present/portrayed in the photograph
	0 = absent
1 = present

	Fungi
	Present/portrayed in the photograph
	0 = absent
1 = present

	hedgehog
	Present/portrayed in the photograph
	0 = absent
1 = present

	hedges
	Present/portrayed in the photograph
	0 = absent
1 = present

	hills
	The photograph is panoramic and portrays/includes the hills around Sheffield
	0 = no
1 = yes

	houseplant
	Present/portrayed in the photograph
	0 = absent
1 = present

	Indoor without nature
	The photograph was taken indoor and does not portray/include any natural element
	0 = absent
1 = present

	insects
	Present/portrayed in the photograph
	0 = absent
1 = present

	interstitial plants
	Present/portrayed in the photograph
	0 = absent
1 = present

	livestock
	Present/portrayed in the photograph
	0 = absent
1 = present

	mixed ground cover or leaf litter
	Present/portrayed in the photograph
	0 = absent
1 = present

	mixed planting
	Present/portrayed in the photograph
	0 = absent
1 = present

	outdoor without nature
	The photograph was taken outdoor but does not portray/include any natural element
	0 = no
1 = yes

	participant garden
	The photograph was taken in or portrays a private garden, supposedly the participant’s garden
	0 = no
1 = yes

	plants as food
	Present/portrayed in the photograph
	0 = absent
1 = present

	playground
	Present/portrayed in the photograph
	0 = absent
1 = present

	potted plants
	Present/portrayed in the photograph
	0 = absent
1 = present

	public art
	Present/portrayed in the photograph
	0 = absent
1 = present

	short grass
	Present/portrayed in the photograph
	0 = absent
1 = present

	sky
	The photograph is panoramic and portrays/includes the sky
	3.1

	sport field
	Present/portrayed in the photograph
	0 = absent
1 = present

	squirrel
	Present/portrayed in the photograph
	0 = absent
1 = present

	street green viewed from a window
	The photograph was taken indoor and portrays what could be seen from a window
	0 = no
1 = yes

	tall grasses or shrubs
	Present/portrayed in the photograph
	0 = absent
1 = present

	Trees
	Present/portrayed in the photograph
	0 = absent
1 = present

	Water bodies
	The photograph is panoramic and portrays/includes water bodies such as rivers, ponds and the seaside
	0 = no
1 = yes

	Participant variables
	
	

	Age
	Age of the participant in years
	Continuous 

	Time outside child
	Response to the question: “How much time did you spent outside as a child?”
	0 = none
1 
2 
3 
4 = a lot

	Time outside last
	Response to the question: “How much time did you spent outside the last year?”
	0 = none
1 
2 
3 
4 = a lot

	NR6 score
	Result of the Nature Relatedness (short version)
	Continuous

	INS score
	Result of the Inclusion of Nature in Self
	Continuous



Table S.2 frequency of each code by group from highest to lowest
	Built condition
	Nature condition

	Code
	N (out of 370)
	Code
	N (out of 585)

	Buildings
	197
	Trees
	203

	Trees
	71
	Colourful flowers
	126

	Sky
	46
	Mixed planting
	120

	Public art
	42
	Short grass
	92

	Short grass
	38
	Water bodies
	73

	Mixed planting
	27
	Buildings
	58

	Indoor without nature
	25
	Tall grasses or shrubs
	55

	Water bodies
	23
	Sky
	52

	Colourful flowers
	20
	Mixed ground cover or leaf litter
	38

	Tall grasses or shrubs
	14
	Birds 
	30

	Hedges
	13
	Hills 
	28

	Darkness
	11
	Window
	26

	Hills
	11
	Participant garden
	21

	Window
	11
	Insects 
	18

	Mixed ground cover or leaf litter
	9
	Hedges 
	17

	Participant garden
	9
	Public art
	13

	Potted plants
	6
	Berries 
	8

	Interstitial plants
	5
	Fungi 
	8

	Outdoor without nature
	5
	Plants as food
	7

	Playground 
	5
	Creeper plants
	6

	Birds 
	3
	Darkness 
	6

	Dog 
	3
	Dog 
	6

	Berries 
	2
	Hedgehog 
	5

	Cat 
	2
	Houseplant 
	5

	Litter and rubbish
	2
	Indoor without nature
	4

	Plants as food
	2
	Livestock 
	4

	Hedgehog 
	1
	Litter and rubbish
	3

	Sport field 
	1
	Interstitial plants
	3

	Squirrel 
	1
	Outdoor without nature
	2

	Creeper plants
	0
	Potted plants
	2

	Fungi 
	0
	Squirrel 
	2

	Houseplant 
	0
	Cat 
	1

	Insects 
	0
	Sport field 
	1

	Livestock 
	0
	Playground 
	0






Table S.3 list of all the predictors that met bivariate selection criteria (nature condition)
	Predictor
	LogOdds (S.E.)
	p-value
	95% Conf. Int.

	Childhood outside
2
3
4
	
-0.17 (0.51)
0.45 (0.42)
0.93 (0.44)
	
0.732
0.285
0.034
	
-1.172, 0.823
-0.372, 1.265
0.072, 1.781

	Past year outside
2
3
4
	
0.10 (0.39)
0.44 (0.33)
0.32 (0.41)
	
0.788
0.185
0.437
	
-0.653, 0.861
-0.212, 1.095
-0.486, 1.124

	Nature relatedness
	0.23 (0.15)
	0.146
	-0.078, 0.529

	Inclusion of Nature in Self
	0.01 (0.00)
	0.01
	0.003, 0.021

	Birds
	0.51 (0.39)
	0.187
	-0.249, 1.275

	Buildings
	-1.03 (0.28)
	<0.000
	-1.580, -0.477

	Hills
	1.05 (0.43)
	0.013
	0.218, 1.885

	Outdoor without nature
	-1.91 (1.39)
	0.168
	-4.634, 0.805

	Participant’s garden
	1.00 (0.52)
	0.052
	-0.010, 2.011

	Potted plants
	-1.75 (1.31)
	0.0183
	-4.329, 0.825

	Shortgrass
	0.38 (0.24)
	0.115
	-0.093, 0.858

	Sky
	0.48 (0.31)
	0.114
	-0.116, 1.081

	View from window
	-0.69 (0.39)
	0.077
	-1.465, 0.076

	Trees
	-0.32 (0.18)
	0.078
	-0.685, 0.037

	Water bodies
	0.89 (0.28)
	0.001
	0.346, 1.440



Table S.4 list of all the predictors that met bivariate selection criteria (built condition)
	Predictor
	LogOdds (S.E.)
	p-value
	95% Conf. Int.

	Berries
	-2.46 (1.46)
	0.092
	-5.314, 0.400

	Buildings
	-0.47 (0.22)
	0.031
	-0.902, -0.042

	Darkness
	-0.87 (0.60)
	0.145
	-2.049, 0.302

	Dogs
	1.80 (1.33)
	0.175
	-0.799, 4.395

	Hedges
	-1.01 (0.56)
	0.072
	-2.113, 0.091

	Mixed ground cover
	1.70 (0.89)
	0.055
	-0.038, 3.433

	Mixes planting
	0.84 (0.43)
	0.047
	0.010, 1.678

	Shortgrass
	0.64 (0.36)
	0.076
	-0.067, 1.340

	View from window
	-1.69 (0.65)
	0.009
	-2.971, -0.416

	Tall grass or shrubs
	1.25 (0.65)
	0.053
	-0.015, 2.521

	Trees
	0.65 (0.28)
	0.022
	0.095, 1.198

	Water bodies
	1.26 (0.47)
	0.007
	0.347, 2.170



Table S.5 Crosstabulation of the number of species counted in photographs by the participant perceived species richness.
	
	How many types of plants/trees/animals would you guess there were?
	

	no species in the photo
	None
	Some
	Quite a bit
	Lots
	Total

	0
	2
	9
	7
	3
	21

	1
	4
	40
	35
	30
	109

	2
	3
	19
	28
	14
	64

	3
	4
	33
	28
	22
	87

	4
	2
	33
	50
	37
	122

	5
	1
	14
	19
	26
	60

	6
	0
	6
	3
	13
	22

	7
	0
	8
	8
	13
	29

	8
	0
	3
	3
	6
	12

	9
	0
	1
	2
	0
	3

	10
	0
	1
	0
	2
	3

	11
	0
	0
	1
	1
	2

	12
	0
	0
	1
	2
	3

	16
	0
	0
	1
	0
	1

	17
	0
	0
	1
	0
	1

	18
	0
	0
	1
	0
	1

	NA
	0
	9
	19
	17
	45

	Total
	16
	176
	207
	186
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Table S1. Plant taxa surveyed in the urban woodland study area
	Species
	Distance from the camera

	Acer campestre
	Far > 5m

	Acer sp.
	Close < 5m

	Aesculus hippocastanum
	Far > 5m

	Anthriscus sylvestris
	Far > 5m

	Berberis sp.
	Close < 5m

	Bluddleja davidii
	Far > 5m

	Carex sp.
	Close < 5m

	Corylus avellana
	Close < 5m

	Crataegus monogyna
	Close < 5m

	Fagus sylvatica
	Close < 5m

	Geum urbanum 
	Close < 5m

	Hedera helix
	Close < 5m

	Hyacinthoides hyspanica
	Far > 5m

	Hyacinthoides non-scripta
	Close < 5m

	Ilex aquifolium
	Close < 5m

	Leycesteria formosa
	Far > 5m

	Lonicera nitida
	Far > 5m

	Malus sylvestris
	Far > 5m

	Myosotis arvensis
	Far > 5m

	Narcissus sp.
	Far > 5m

	Pinus strobus
	Far > 5m

	Pinus sylvestris
	Close < 5m

	Platanus hybrida
	Close < 5m

	Polygonatum multiflorum
	Far > 5m

	Prunus avium
	Far > 5m

	Prunus laurocerasus
	Close < 5m

	Pteridium aquilinum
	Close < 5m

	Quercus robur
	Close < 5m

	Ranunculus sp.
	Far > 5m

	Reynoutria japonica
	Far > 5m

	Rhododendron sp.
	Close < 5m

	Rubus spectabilis
	Close < 5m

	Rumex sp.
	Far > 5m

	Taraxacum sp.
	Far > 5m

	Taxus baccata
	Close < 5m

	Urtica dioca
	Far > 5m





Table S2. Bird taxa – calls and songs that could be heard in condition 4
	Species

	Columba palumbus

	Cyanistes caeruleus

	Erithacus rubecula

	Phylloscopus collybita

	Troglodytes troglodytes

	Turdus merula



Table S3. Content analysis results. What did the participants notice to evaluate the environment as “good” or “very good”?
	
	
	
	Condition

	Theme
	Description
	Count
	v1
	v2
	v3
	v4

	Sounds
	Ambient sounds (wind, water, birds)
	55
	8
	12
	12
	24

	Flowers
	Flowers on the ground, around the camera. These are the flowers used to increase the biodiversity count.
	35
	0
	14
	11
	10

	Trees
	Trees mentioned explicitly, often commenting on their abundance, health, size.
	34
	8
	10
	7
	9

	Greenery
	Abundance of the colour green, used the term "greenery" or collective terms such as "vegetation", "flora" but did not use more specific terms.
	33
	10
	5
	9
	9

	Diversity
	Used the words "Diversity" and "Variety" to describe the environment. Also includes sentences such as "a lot of plants", "a rage of plants", "Many different plants", "many habitats".
	33
	5
	4
	9
	15

	General appreciation
	General positive feeling of environment as a whole. Most of the comments mentioned the environment being "peaceful"
	31
	11
	7
	8
	5

	Human presence/absence
	Human activity (clearing, logging, vehicle noise) or the absence of human disturbance (e.g. no rubbish)
	24
	6
	2
	7
	9

	Movement
	Movement in the environment, such as the branches moving in the breeze or some insects flying close to the camera
	18
	7
	4
	3
	4

	Nature/Natural
	Used the word "Natural" in general terms to describe the environment. Also includes sentences such as "full of Nature"
	17
	8
	5
	2
	2

	Not pertinent
	The participant used this space to provide different kinds of feedbacks. 
	15
	2
	3
	4
	6

	Unseen
	Absence of something they would have expected to see. Such expectation derived from hearing (or believing to have heard) specific sounds in the ambience, such as water flowing
	12
	5
	4
	1
	2

	Forest/Woods
	Words such as "forest" or "woodland" used to broadly describe the environment without mentioning anything more specific (e.g. trees)
	12
	5
	0
	3
	4

	Calm/Calming
	The participant described the video as relaxing, calming, usually referring to the sounds
	11
	4
	2
	1
	4

	Bird box
	Noticed the presence of a bird box on one of the trees.
	10
	1
	2
	5
	2

	Immersive
	Used the words "immersive" or sentences like "it was like to be there"
	7
	2
	1
	2
	2

	Unnatural
	Participants from conditions 3 and 4, mentioned that the experimental planting looked "not too artificial" or "out of place"
	7
	0
	0
	4
	3

	Insects
	Presence of insects flying around the camera
	7
	4
	0
	1
	2

	Sky and lighting
	Sky among the treetops and the light reaching the ground.
	7
	0
	4
	1
	2

	Technical value
	Appreciation for the technical quality of the video.
	6
	2
	2
	2
	0

	Silence
	The participant used the words "quiet" or "silence" to evaluate the environment
	5
	2
	0
	3
	0

	Safe
	The participant rated the area safe for the development of plants and wildlife
	2
	2
	0
	0
	0

	Technical issue
	Technical issues with the survey.
	2
	1
	0
	1
	0



Table S4. Percentage of perceived biodiversity per each video condition
	Percent Distribution of perceived biodiversity by group

	
	Condition video

	Perceived Biodiversity
	Control
	plus 4 species
	plus 21 species
	plus 21 species and audio

	Very bad
	0.0
	0.0
	2.2
	2.2

	Bad
	5.4
	6.0
	5.4
	5.5

	Neither good nor bad
	21.7
	24.2
	19.6
	20.0

	Good
	50.0
	55.6
	46.7
	47.7

	Very good
	22.8
	25.4
	26.1
	26.6



Table S5. Statistical tests checking for differences in demographics between the treatment groups
	Null Hypothesis
	Test
	N
	Test statistic
	Degrees of freedom
	P-value 
(2-tailed)
	Decision

	The distribution of Age is the same across treatment groups
	Independent-Samples Kruskal-Wallis Test
	372
	1.58
	3
	0.663
	Retain the null hypothesis

	The distribution of Age is the same across treatment groups
	Pearson Chi-Square
	372
	10.8
	18
	0.903
	Retain the null hypothesis

	The distribution of Gender is the same across treatment groups
	Pearson Chi-Square
	372
	9.62
	9
	0.382
	Retain the null hypothesis

	The distribution of Ethinicity is the same across treatment groups
	Pearson Chi-Square
	365
	16.5
	12
	0.167
	Retain the null hypothesis

	The distribution of Nature connectedness is the same across treatment groups
	Pearson Chi-Square
	372
	19.1
	18
	0.386
	Retain the null hypothesis



Dataset and full statistical output available on ReShare at https://reshare.ukdataservice.ac.uk/856311/


[image: ]Figure S1. Screenshots from the three treatment conditions taken at four different angles. Top: control. Middle: lower plant diversity. Bottom: higher plant diversity
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Start of Block: Participant Information

360 Green - emotional responses to Nature videos
 
 Welcome! This page will provide you with some information about this survey study.
 Please, read it carefully.
 
 About the project
 “360 Green” is a study that aims to use an immersive 360-degree video to virtually bring you into a green space.
 
 There are many kinds of green spaces, from a mown lawn to wild woodland, but we still know too little about our emotional response to their features. This study will help us understand how different green spaces may generate different emotional responses.


What do I need to do?
 You must be 18 or older to take part in this study.
 You will be asked to fill a questionnaire about your emotional state at the start of the survey and after completing two tasks. The first task is to listen to an audio file containing an annoying noise. The second task is to watch a five minutes long video featuring a green space. All of this should take about 15 minutes.
 
 Is this anonymous? 
 Yes! The survey is designed to be completely anonymous, but we will record your IP address. We will use this to check that only one response is submitted by each participant.  
The only information about yourself that we will ask will be demographics (age, ethnicity and gender) and a few questions about your relationship with nature.
 
 This data will be only accessible to the research team. Later on, the anonymous data will be made available to other researchers via the UK Data Archive repository. We will delete the IP addresses from the data before this stage.
 
 Ethics and Data Protection
 This study has been approved by the internal ethics committee of the Department of Landscape Architecture.
 
 According to data protection legislation, we are required to inform you that the legal basis we are applying to process your personal data is that ‘processing is necessary for the performance of a task carried out in the public interest’ (Article 6(1)(e)). Further information can be found in the University’s Privacy Notice here
 
Contacts
If you have any questions, concerns or complaints about this study you can contact the PhD student (sfarris1@sheffield.ac.uk) or their supervisor (r.w.cameron@sheffield.ac.uk). If the complaint relates to how your personal data has been handled, you can find information about how to raise a complaint in the University’s Privacy Notice here

End of Block: Participant Information

Start of Block: Consent

con Before the survey starts, please take a moment to read and fill this consent form.



I have read and understood the project information.
Yes  (1) 



I have been given a contact where I have the opportunity to ask questions about the project.
Yes  (1) 



I understand that my taking part is voluntary and that I can withdraw from the study any time before I submit the questionnaire. I do not have to give any reasons for why I no longer want to take part and there will be no adverse consequences if I choose to withdraw.
Yes  (1) 



I understand that my personal details will not be collected as part of the survey.
Yes  (1) 



I understand and agree that the collected data can be used in reports, research papers, and other research outputs and that the data will be later made available on the UK Data Archive repository
Yes  (1) 



I agree to take part in the project. I understand that taking part in the project will include filling a questionnaire and completing a few tasks (listening to an audio file and watching a video).
I agree  (1) 

End of Block: Consent

Start of Block: Intro and flowchart

A few suggestions before we start 
   
Thank you for taking part in this study! The survey’s structure follows the flowchart below and should take less than 15 minutes to complete.
   Before you start, here are a few suggestions to improve your survey’s experience:
 •    Check that you are connected via Wi-Fi, so you can watch the video at the maximum quality.
 •    Wear earphones or headphones, so you can be fully immersed. 
•    Seat comfortably and avoid distractions for the duration of the survey (switching off notifications helps greatly).
   This study is about your sensations, so there are no right or wrong answers. You should answer the questions quickly based on your first instincts.  

 
 [image: ]
    
  
 


Sound check  
The audio is an important part of this study.  

 Please listen to the audio file below and adjust your device volume at a comfortable level.
 You can replay the file as much as you need.
 
End of Block: Intro and flowchart

Start of Block: Demographic questions

Which kind of device are you using to take this survey?
Desktop  (1) 
Laptop  (2) 
Smartphone  (3) 
Tablet  (4) 



Have you ever watched a 360-degree video before? (maybe on YouTube or Facebook)
Yes  (1) 
No  (2) 



What is your gender?
Male  (1) 
Female  (2) 
Non-binary / third gender  (3) 
Prefer not to say  (4) 


How old are you?
▼ 18 - 24 (17) ... 85 or older (24)



What is your ethnic group? 

Choose one option that best describes your ethnic group or background

White (including English/Welsh/Scottish/Northern Irish/British, Irish, Gypsy or Irish Traveller and Any other White background)  (1) 
Mixed/Multiple ethnic groups  (2) 
Asian/Asian British (Including Indian, Pakistani, Bangladeshi, Chinese and any other Asian background)  (3) 
Black/African/Caribbean/Black British  (4) 
Other ethnic group (please describe)  (5) __________________________________________________



How much time did you spend outdoor as a child?
A lot  (1) 
A moderate amount  (2) 
A little  (3) 
None at all  (4) 

End of Block: Demographic questions

Start of Block: Panas baseline
	[image: ]



Please rate according to how you feel RIGHT NOW. You should answer this quickly based on your first instincts
	
	Not at all (1)
	A little (2)
	Moderately (3)
	Quite a bit (4)
	Extremely (5)

	Afraid (1) 
	
	
	
	
	

	Upset (2) 
	
	
	
	
	

	Hostile (3) 
	
	
	
	
	

	Ashamed (4) 
	
	
	
	
	

	Nervous (5) 
	
	
	
	
	

	Active (6) 
	
	
	
	
	

	Determined (7) 
	
	
	
	
	

	Attentive (8) 
	
	
	
	
	

	Inspired (9) 
	
	
	
	
	

	Alert (10) 
	
	
	
	
	




End of Block: Panas baseline

Start of Block: INS
	[image: ]



The two circles below represent your own concepts of self and nature.
 (If you don't see the circles, try moving the slider and they should appear)  
   
Please use the slider below to describe your relationship with the natural environment.  
   
How interconnected are you with nature right now? The more the circles overlap, the more connected you are.  
[image: ]

	
	1
	2
	3
	4
	5
	6
	7



	  ()
	[image: ]




End of Block: INS

Start of Block: Stressor
Display This Question:
If Device Type Is Not iPhone

This sound is the first task of the survey and it will only last a few more seconds. 
 
The survey will move on automatically  
   
    


Display This Question:
If Device Type Is Not iPhone


End of Block: Stressor

Start of Block: Stressor ios
Display This Question:
If Device Type Is iPhone

Stressor for iOS 
This sound track is the first task of the survey.  
Please, listen only once and then proceed to the next page  
   
  


End of Block: Stressor ios

Start of Block: Panas - Post Stressor
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Please rate according to how you feel RIGHT NOW. You should answer this quickly based on your first instincts
	
	Not at all (1)
	A little (2)
	Moderately (3)
	Quite a bit (4)
	Extremely (5)

	Afraid (1) 
	
	
	
	
	

	Upset (2) 
	
	
	
	
	

	Hostile (3) 
	
	
	
	
	

	Ashamed (4) 
	
	
	
	
	

	Nervous (5) 
	
	
	
	
	

	Active (6) 
	
	
	
	
	

	Determined (7) 
	
	
	
	
	

	Attentive (8) 
	
	
	
	
	

	Inspired (9) 
	
	
	
	
	

	Alert (10) 
	
	
	
	
	




End of Block: Panas - Post Stressor

Start of Block: Treatment video 1
Display This Question:
If Device Type Is Mobile

Second Task
 Please watch this 5 minutes 360-degree video. 
It is recommended that you turn your phone horizontally and watch the video on full screen (just tap on this icon   on the bottom right of the video)  
If the video looks blurry, you may need to adjust the video quality with this icon   with a good connection, you should be able to watch the video at the maximum quality.  
   
Remember that you can freely explore the environment by moving the camera around.  
You can do this by moving your phone or swiping with your fingers.  
   
  
 
 The button to move on with the survey will appear after you have watched the video.
 (Don't worry if the button does not appear. This page will turn automatically after 8 minutes)


Display This Question:
If Device Type Is Not Mobile

video1pc 
Second task  
Please watch this 5 minutes 360-degree video.  
It is recommended that you watch it on full screen (you can do this by clicking on this button  on the bottom right of the video)
 If the video looks blurry, you may need to adjust the video quality with this icon   with a good connection, you should be able to watch the video at the maximum quality.  
   
Remember that you can freely explore the environment by moving the camera around.  
You can use your mouse or the WASD keys on your keyboard.  
   
  
 
 The button to move on with the survey will appear after you have watched the video.
 (Don't worry if the button does not appear. This page will turn automatically after 8 minutes)



End of Block: Treatment video 1


Start of Block: PANAS post treatment
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Please rate according to how you feel RIGHT NOW. You should answer this quickly based on your first instincts
	
	Not at all (1)
	A little (2)
	Moderately (3)
	Quite a bit (4)
	Extremely (5)

	Afraid (1) 
	
	
	
	
	

	Upset (2) 
	
	
	
	
	

	Hostile (3) 
	
	
	
	
	

	Ashamed (4) 
	
	
	
	
	

	Nervous (5) 
	
	
	
	
	

	Active (6) 
	
	
	
	
	

	Determined (7) 
	
	
	
	
	

	Attentive (8) 
	
	
	
	
	

	Inspired (9) 
	
	
	
	
	

	Alert (10) 
	
	
	
	
	




In your opinion, how good was the video's environment for wildlife and plants?
Very bad  (1) 
Bad  (2) 
Neither good nor bad  (3) 
Good  (4) 
Very good  (5) 


Display This Question:
If In your opinion, how good was the video's environment for wildlife and plants? = Good
Or In your opinion, how good was the video's environment for wildlife and plants? = Very good

Did you notice anything in the video that makes you say so?
________________________________________________________________

End of Block: PANAS post treatment

Start of Block: Feedback and comments

Q13 
Thank you so much for taking part in this study!  
   
OPTIONAL - Before you go, you may use the spaces below to give us important feedback for future improvements.


Q12 Was there anything that you noticed or liked in particular in the video?
________________________________________________________________


Q14 Was there anything that you didn’t like or that made you feel uneasy in the video?
________________________________________________________________

Q15 Is there anything else that you would like to share?
________________________________________________________________
End of Block: Feedback and comments
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Additional descriptive statistics
Table S1. Device used by participants to take the survey. Inferred by screen resolution metadata, see dataset.
	
	Device used
	Frequency
	Percent

	Experiment 1
	Laptop or Desktop
	386
	83.4%

	
	Mobile or tablet
	77
	16.6%

	
	Total
	463
	100%

	Experiment 2
	Laptop or Desktop
	408
	85.5%

	
	Mobile or tablet
	69
	14.5%

	
	Total
	477
	100%

	Experiment 3
	Laptop or Desktop
	34
	9%

	
	Mobile or tablet
	345
	91%

	
	Total
	379
	100%

	Experiment 4
	Laptop or Desktop
	42
	10.6%

	
	Mobile or tablet
	353
	89.4%

	
	Total
	395
	100%



Table S2. Responses to the question “Have you ever used a virtual tour before? (maybe on Google Maps or renting agency)”
	
	Used virtual tour before
	Frequency
	Percent

	Experiment 1
	Yes
	357
	77.1%

	
	No
	106
	22.9%

	
	Total
	463
	100%

	Experiment 2
	Yes
	375
	78.6%

	
	No
	102
	21.4%

	
	Total
	477
	100%

	Experiment 3
	Yes
	197
	52%

	
	No
	182
	48%

	
	Total
	379
	100%

	Experiment 4
	Yes
	183
	46.3%

	
	No
	212
	53.7%

	
	Total
	395
	100%



Table S3. Responses to the question “Do you have any difficulty perceiving colours?”
	
	Colour blindness
	Frequency
	Percent

	Experiment 1
	Yes
	15
	3.2%

	
	No
	448
	96.8%

	
	Total
	463
	100%

	Experiment 2
	Yes
	27
	5.7%

	
	No
	450
	94.3%

	
	Total
	477
	100%

	Experiment 3
	Yes
	19
	5%

	
	No
	360
	95%

	
	Total
	379
	100%

	Experiment 4
	Yes
	18
	4.6%

	
	No
	377
	95.4%

	
	Total
	395
	100%



Mean Joviality, Serenity and Negative Affect values
Table S4. Experiment 1, Unadjusted means of the three affective dimensions at baseline and after the park
	Park treatment
	Joviality baseline
	Joviality park
	Serenity baseline
	Serenity park
	NA baseline
	NA park

	HBHC
	Mean
	2.45
	2.54
	3.32
	3.40
	1.56
	1.33

	
	SD
	0.84
	0.93
	0.90
	0.94
	0.74
	0.62

	
	N
	116
	116
	116
	116
	116
	116

	HBLC
	Mean
	2.57
	2.69
	3.16
	3.39
	1.60
	1.38

	
	SD
	0.82
	0.95
	0.98
	0.91
	0.72
	0.71

	
	N
	116
	116
	116
	116
	116
	116

	LBHC
	Mean
	2.43
	2.57
	3.35
	3.53
	1.51
	1.28

	
	SD
	0.95
	1.02
	0.99
	0.90
	0.62
	0.50

	
	N
	114
	114
	114
	114
	114
	114

	LBLC
	Mean
	2.64
	2.73
	3.40
	3.38
	1.49
	1.36

	
	SD
	0.91
	1.04
	0.92
	1.05
	0.65
	0.59

	
	N
	117
	117
	117
	117
	117
	117

	Total
	Mean
	2.52
	2.63
	3.31
	3.42
	1.54
	1.34

	
	SD
	0.89
	0.98
	0.95
	0.95
	0.68
	0.61

	
	N
	463
	463
	463
	463
	463
	463



Table S5. Experiment 2, Unadjusted means of the three affective dimensions at baseline, after the stressor and after the park
	Park treatment
	Joviality baseline
	Joviality stressor
	Joviality park
	Serenity baseline
	Serenity stressor
	Serenity park
	NA baseline
	NA stressor
	NA park

	HBHC
	Mean
	2.44
	2.08
	2.53
	3.34
	2.62
	3.43
	1.56
	1.84
	1.38

	
	SD
	0.84
	0.87
	0.95
	0.89
	1.08
	1.00
	0.75
	0.89
	0.69

	
	N
	120
	120
	120
	120
	120
	120
	120
	120
	120

	HBLC
	Mean
	2.66
	2.37
	2.77
	3.42
	2.73
	3.48
	1.58
	1.81
	1.32

	
	SD
	1.00
	1.04
	1.12
	0.96
	1.15
	1.00
	0.88
	0.83
	0.60

	
	N
	119
	119
	119
	119
	119
	119
	119
	119
	119

	LBHC
	Mean
	2.77
	2.32
	2.75
	3.40
	2.59
	3.46
	1.58
	1.81
	1.33

	
	SD
	0.86
	0.90
	0.88
	0.88
	1.02
	0.89
	0.70
	0.75
	0.56

	
	N
	119
	119
	119
	119
	119
	119
	119
	119
	119

	LBLC
	Mean
	2.56
	2.18
	2.52
	3.53
	2.71
	3.41
	1.44
	1.67
	1.33

	
	SD
	0.96
	0.99
	0.97
	0.94
	1.21
	1.02
	0.62
	0.73
	0.59

	
	N
	119
	119
	119
	119
	119
	119
	119
	119
	119

	Total
	Mean
	2.61
	2.24
	2.64
	3.42
	2.66
	3.44
	1.54
	1.78
	1.34

	
	SD
	0.92
	0.96
	0.99
	0.92
	1.11
	0.98
	0.74
	0.80
	0.61

	
	N
	477
	477
	477
	477
	477
	477
	477
	477
	477







Table S6. Experiment 3, Unadjusted means of the three affective dimensions at baseline and after the park
	Park treatment
	Joviality baseline
	Joviality park
	Serenity baseline
	Serenity park
	NA baseline
	NA park

	HBHC
	Mean
	2.51
	2.55
	2.32
	2.33
	1.82
	1.62

	
	SD
	0.79
	0.86
	0.68
	0.72
	0.75
	0.66

	
	N
	99
	99
	99
	99
	99
	99

	HBLC
	Mean
	2.76
	2.74
	2.44
	2.37
	1.80
	1.62

	
	SD
	0.88
	0.94
	0.68
	0.71
	0.82
	0.81

	
	N
	100
	100
	100
	100
	100
	100

	LBHC
	Mean
	2.73
	2.75
	2.40
	2.34
	1.80
	1.53

	
	SD
	0.84
	0.94
	0.58
	0.68
	0.75
	0.66

	
	N
	87
	87
	87
	87
	87
	87

	LBLC
	Mean
	2.57
	2.59
	2.36
	2.34
	1.82
	1.72

	
	SD
	0.87
	0.88
	0.60
	0.64
	0.80
	0.87

	
	N
	93
	93
	93
	93
	93
	93

	Total
	Mean
	2.64
	2.65
	2.38
	2.35
	1.81
	1.62

	
	SD
	0.85
	0.91
	0.64
	0.69
	0.78
	0.76

	
	N
	379
	379
	379
	379
	379
	379



Table S7. Experiment 4, Unadjusted means of the three affective dimensions at baseline, after the stressor and after the park
	Park treatment
	Joviality baseline
	Joviality stressor
	Joviality park
	Serenity baseline
	Serenity stressor
	Serenity park
	NA baseline
	NA stressor
	NA park

	HBHC
	Mean
	2.65
	2.36
	2.62
	2.36
	2.18
	2.26
	1.84
	1.83
	1.61

	
	SD
	0.82
	0.97
	0.98
	0.67
	0.77
	0.62
	0.80
	0.85
	0.74

	
	N
	101
	101
	101
	101
	101
	101
	101
	101
	101

	HBLC
	Mean
	2.60
	2.40
	2.64
	2.35
	2.18
	2.31
	1.82
	1.77
	1.63

	
	SD
	0.90
	0.99
	0.97
	0.74
	0.70
	0.74
	0.83
	0.79
	0.76

	
	N
	99
	99
	99
	99
	99
	99
	99
	99
	99

	LBHC
	Mean
	2.71
	2.43
	2.73
	2.53
	2.31
	2.43
	1.79
	1.91
	1.54

	
	SD
	0.80
	0.94
	0.91
	0.62
	0.78
	0.61
	0.79
	0.90
	0.71

	
	N
	93
	93
	93
	93
	93
	93
	93
	93
	93

	LBLC
	Mean
	2.80
	2.53
	2.61
	2.45
	2.22
	2.34
	1.77
	1.80
	1.55

	
	SD
	0.81
	0.87
	0.92
	0.71
	0.69
	0.69
	0.73
	0.76
	0.70

	
	N
	102
	102
	102
	102
	102
	102
	102
	102
	102

	Total
	Mean
	2.69
	2.43
	2.65
	2.42
	2.22
	2.33
	1.81
	1.82
	1.58

	
	SD
	0.83
	0.94
	0.94
	0.69
	0.73
	0.67
	0.79
	0.82
	0.73

	
	N
	395
	395
	395
	395
	395
	395
	395
	395
	395



Treatments acronyms: HBHC = high biodiversity and high colour diversity; HBLC = high biodiversity and low colour diversity; LBHC = low biodiversity and high colour diversity; LBLC = low biodiversity and low colour diversity;  

Perceived biodiversity by treatment in each experiment
Table S8. Experiment 1 – Distribution of perceived biodiversity in each park treatment
	Perceived biodiversity
	Low
	Medium
	High

	Park treatment
	HBHC
	13.8%
	27.6%
	58.6%

	
	HBLC
	9.5%
	28.4%
	62.1%

	
	LBHC
	5.3%
	24.6%
	70.2%

	
	LBLC
	12.8%
	35.9%
	51.3%

	Total
	
	10.4%
	29.2%
	60.5%



Table S9. Experiment 2 – Distribution of perceived biodiversity in each park treatment
	Perceived biodiversity
	Low
	Medium
	High

	Park treatment
	HBHC
	9.2%
	25.0%
	65.8%

	
	HBLC
	6.7%
	35.3%
	58.0%

	
	LBHC
	7.6%
	36.1%
	56.3%

	
	LBLC
	7.6%
	36.1%
	56.3%

	Total
	
	7.8%
	33.1%
	59.1%



Table S10. Experiment 3 – Distribution of perceived biodiversity in each park treatment
	Perceived biodiversity
	Low
	Medium
	High

	Park treatment
	HBHC
	33.3%
	33.3%
	33.3%

	
	HBLC
	27.0%
	41.0%
	32.0%

	
	LBHC
	28.7%
	42.5%
	28.7%

	
	LBLC
	25.8%
	47.3%
	26.9%

	Total
	
	28.8%
	40.9%
	30.3%



Table S11. Experiment 4 – Distribution of perceived biodiversity in each park treatment
	Perceived biodiversity
	Low
	Medium
	High

	Park treatment
	HBHC
	28.7%
	33.7%
	37.6%

	
	HBLC
	35.4%
	39.4%
	25.3%

	
	LBHC
	34.4%
	40.9%
	24.7%

	
	LBLC
	41.2%
	38.2%
	20.6%

	Total
	
	34.9%
	38.0%
	27.1%



Treatments acronyms: HBHC = high biodiversity and high colour diversity; HBLC = high biodiversity and low colour diversity; LBHC = low biodiversity and high colour diversity; LBLC = low biodiversity and low colour diversity;
Table S12. Statistical tests checking for differences in demographics between the park groups
	Null Hypothesis
	Test
	N
	Test statistic
	Degrees of freedom
	P-value 
(2-tailed)
	Decision

	English-speaking, unstressed, Experiment 1

	The distribution of Age is the same across treatment groups
	Pearson Chi-Square
	463
	18.8
	21
	0.6
	Retain the null hypothesis

	The distribution of Gender is the same across treatment groups
	Pearson Chi-Square
	463
	12.9
	9
	0.16
	Retain the null hypothesis

	The distribution of Education attainment is the same across treatment groups
	Pearson Chi-Square
	462
	8.55
	12
	0.74
	Retain the null hypothesis

	The distribution of Ethnicity is the same across treatment groups
	Pearson Chi-Square
	461
	22.5
	12
	0.03
	Reject the null hypothesis

	The distribution of Nature connectedness is the same across treatment groups
	Pearson Chi-Square
	463
	18.1
	15
	0.26
	Retain the null hypothesis

	English-speaking, stressed, Experiment 2

	The distribution of Age is the same across treatment groups
	Pearson Chi-Square
	477
	19
	18
	0.39
	Retain the null hypothesis

	The distribution of Gender is the same across treatment groups
	Pearson Chi-Square
	477
	6.35
	9
	0.7
	Retain the null hypothesis

	The distribution of Education attainment is the same across treatment groups
	Pearson Chi-Square
	477
	4.54
	12
	0.97
	Retain the null hypothesis

	The distribution of Ethnicity is the same across treatment groups
	Pearson Chi-Square
	477
	9
	12
	0.7
	Retain the null hypothesis

	The distribution of Nature connectedness is the same across treatment groups
	Pearson Chi-Square
	477
	13.1
	18
	0.78
	Retain the null hypothesis

	Chinese-speaking, unstressed, Experiment 3

	The distribution of Age is the same across treatment groups
	Pearson Chi-Square
	379
	18.9
	21
	0.6
	Retain the null hypothesis

	The distribution of Gender is the same across treatment groups
	Pearson Chi-Square
	379
	12.9
	9
	0.14
	Retain the null hypothesis

	The distribution of Education attainment is the same across treatment groups
	Pearson Chi-Square
	376
	12.4
	12
	0.77
	Retain the null hypothesis

	The distribution of Ethnicity is the same across treatment groups
	Pearson Chi-Square
	379
	8.2
	9
	0.51
	Retain the null hypothesis

	The distribution of Nature connectedness is the same across treatment groups
	Pearson Chi-Square
	379
	20.4
	18
	0.31
	Retain the null hypothesis

	Chinese-speaking, stressed, Experiment 4

	The distribution of Age is the same across treatment groups
	Pearson Chi-Square
	395
	26.15
	21
	0.2
	Retain the null hypothesis

	The distribution of Gender is the same across treatment groups
	Pearson Chi-Square
	395
	6.35
	9
	0.41
	Retain the null hypothesis

	The distribution of Education attainment is the same across treatment groups
	Pearson Chi-Square
	393
	13.1
	12
	0.36
	Retain the null hypothesis

	The distribution of Ethnicity is the same across treatment groups
	Pearson Chi-Square
	395
	10.15
	9
	0.39
	Retain the null hypothesis

	The distribution of Nature connectedness is the same across treatment groups
	Pearson Chi-Square
	395
	9.1
	15
	0.87
	Retain the null hypothesis



Dataset and full statistical output available on ReShare at https://reshare.ukdataservice.ac.uk/856821/

Survey text -Link to the preview version
https://shefmethods.eu.qualtrics.com/jfe/preview/previewId/7ac625be-a4fe-4b64-8251-b3b42be42b87/SV_50jjKjXmqHZCsB0?Q_CHL=preview&Q_SurveyVersionID=current
[bookmark: _Toc179962433]Survey text

Start of Block: Participant Information

360 Park - green space virtual tours and emotions
 
 Welcome! This page will provide you with some information about this survey study.
 Please, read it carefully.
 
 About the project
 “360 Park” is a study that aims to use an immersive 360-degree virtual tour to allow you to explore an urban park.
 
 Parks are common in cities but we still know too little about our emotional response to their features. This study will help us understand how different planting styles may generate different emotional responses.
  


	Page Break
	




What do I need to do?
 You must be 18 or older to take part in this study.
 You will be asked to fill out a questionnaire about your emotional state at the start of the survey and after completing a series of tasks. Firstly, we will ask you to rank some pictures of a park according to your preference. Then we will ask you to explore an urban park via a virtual tour for about 2 minutes. The third task is to listen to an audio file containing an annoying noise. All of this should take about 10 minutes.
   
Is this anonymous? 
 Yes! The survey is designed to be completely anonymous, but we will record your IP address. We will use this to check that only one response is submitted by each participant.  
The only information about yourself that we will ask for will be demographics: age, gender, ethnicity and education level. We will also ask a few questions about your relationship with nature and if you have any difficulty in perceiving colours (e.g. colour blindness).
 
 This data will be only accessible to the research team. Later on, the anonymous data will be made available to other researchers via the UK Data Archive repository. We will delete the IP addresses from the data before this stage.
 
 Ethics and Data Protection
 This study has been approved by the internal ethics committee of the Department of Landscape Architecture.
 
 According to data protection legislation, we are required to inform you that the legal basis we are applying to process your personal data is that ‘processing is necessary for the performance of a task carried out in the public interest’ (Article 6(1)(e)). Further information can be found in the University’s Privacy Notice here
 
 Contacts
 If you have any questions, concerns or complaints about this study you can contact the PhD students (sfarris1@sheffield.ac.uk; lzhang73@sheffield.ac.uk) or their supervisor (r.w.cameron@sheffield.ac.uk). If the complaint relates to how your personal data has been handled, you can find information about how to raise a complaint in the University’s Privacy Notice here 

End of Block: Participant Information

Start of Block: Consent

Before the survey starts, please take a moment to read and fill this consent form.

I have read and understood the project information.
Yes  (1) 

I have been given a contact where I have the opportunity to ask questions about the project.
Yes  (1) 

I understand that my taking part is voluntary and that I can withdraw from the study any time before I submit the questionnaire. I do not have to give any reasons for why I no longer want to take part and there will be no adverse consequences if I choose to withdraw.
Yes  (1) 

I understand that my personal details will not be collected as part of the survey.
Yes  (1) 

I understand and agree that the collected anonymised data can be used in reports, research papers, and other research outputs and that the data will be later made available on the UK Data Archive repository
Yes  (1) 

  I agree to take part in the project. I understand that taking part in the project will include filling a few questionnaires and completing a few tasks (Ranking some images, listening to an audio file and explore a couple of virtual tours).
I agree  (1) 

End of Block: Consent
Start of Block: Intro and flowchart Experiment_1&3

A few suggestions before we start 
   
Thank you for taking part in this study! The survey’s structure follows the flowchart below and should take less than 10 minutes to complete.
   Before you start, here are a few suggestions to improve your survey experience:
 
    Check that you are connected via Wi-Fi. The virtual tour can take longer to load on slower connections.
 
    Wear earphones or headphones. One of the tasks will be about listening.
   
   Sit comfortably and avoid distractions for the duration of the survey (switching off notifications helps greatly). 
 This study is about your sensations, so there are no right or wrong answers. You should answer the questions quickly based on your first instincts. 

 


Sound check  
The audio is an important part of this study.  

 Please listen to the audio file below and adjust your device volume at a comfortable level.
 You can replay the file as much as you need.
 
 

End of Block: Intro and flowchart Experiment_1&3

Start of Block: Demographic questions

Please, answer these questions about yourself



Have you ever used a virtual tour before? (maybe on Google Maps or renting agency)
Yes  (1) 
No  (2) 

What is your gender?
Male  (1) 
Female  (2) 
Non-binary / third gender  (3) 
Prefer not to say  (4) 

What is your ethnic group? 

Choose one option that best describes your ethnic group or background
White  (1) 
Mixed/Multiple ethnic groups  (2) 
Asian  (3) 
Black/African/Caribbean  (4) 
Other ethnic group (please describe)  (5) __________________________________________________



How old are you?
▼ 18 - 24 (17) ... 85 or older (24)



What is the highest educational level that you have achieved?
High school, GCSE or equivalent  (3) 
Bachelor or equivalent  (21) 
Masters or equivalent  (22) 
Doctoral or equivalent  (23) 
Other (please describe)  (24) __________________________________________________



How much time did you spend outdoors as a child?
A lot  (1) 
A moderate amount  (2) 
A little  (3) 
None at all  (4) 



Do you have any difficulty perceiving colours?  (e.g. Colour blindness, Colour vision deficiency)
Yes  (1) 
No  (2) 

End of Block: Demographic questions



Start of Block: INS
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The two circles below represent your own concepts of self and nature.
 (If you don't see the circles, try moving the slider and they should appear)  
   
Please use the slider below to describe your relationship with the natural environment.  
   
How interconnected are you with nature? The more the circles overlap, the more connected you are.  
[image: ]
	
	1
	2
	3
	4
	5
	6
	7



	  ()
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End of Block: INS

Start of Block: PanasX_Experiment_1&3_Base

At the start of the survey, we are interested to record how you feel.


	[image: ]



Please rate according to how you feel RIGHT NOW. You should answer this quickly based on your first instincts
	
	Not at all (1)
	A little (2)
	Moderately (3)
	Quite a bit (4)
	Extremely (5)

	Happy (1) 
	
	
	
	
	

	Joyful (2) 
	
	
	
	
	

	Delighted (3) 
	
	
	
	
	

	Cheerful (4) 
	
	
	
	
	

	Excited (5) 
	
	
	
	
	

	Enthusiastic (6) 
	
	
	
	
	

	Lively (7) 
	
	
	
	
	

	Energetic (8) 
	
	
	
	
	

	Calm (9) 
	
	
	
	
	

	Relaxed (10) 
	
	
	
	
	

	At ease (11) 
	
	
	
	
	

	Afraid (12) 
	
	
	
	
	

	Upset (13) 
	
	
	
	
	

	Hostile (14) 
	
	
	
	
	

	Ashamed (15) 
	
	
	
	
	

	Nervous (16) 
	
	
	
	
	






End of Block: PanasX_Experiment_1&3_Base

Start of Block: Ranking_Experiment_1&3


Ranking task  
In this section of the survey, we will show you some pictures and ask you to rank them according to your preference.  
There are no right or wrong answers. You should answer this quickly based on your first instincts.


Display This Question:
If Device Type Is Not Mobile
	[image: ]



Please look at these four pictures below
[image: ]

	[image: ]



Please, now rank the pictures in order of MOST PREFERRED (you can order all four or just name one) e.g. CDAB or A
________________________________________________________________



End of Block: Ranking_Experiment_1&3

Start of Block: Uplift_tour1


This page contains your second task. You will explore an urban park through a virtual tour for a few minutes.  
   
Your tour will start in the centre of the park, but you are free to "walk" in any direction.
Click and drag to move the camera around. This works just like Google street view!

[image: ]


   The button to move on with the survey will appear after you have spent two minutes exploring.
 (Don't worry if the button does not appear. This page will turn automatically after 6 minutes)


Display This Question:
If Device Type Is Not Mobile


Please, use the player below to start your exploration.  
It is essential that you activate the full screen (you can do this by clicking on this button   on the top right of the video frame)  
 



Display This Question:
If Device Type Is Mobile


Please, use the player below to start your exploration.  
It is essential that you activate the full screen (you can do this by clicking on this button   on the top right of the video frame)    
  


End of Block: Uplift_tour1


Start of Block: PanasX_Experiment_1&3_Post
	[image: ]



Please rate according to how you feel RIGHT NOW. You should answer this quickly based on your first instincts
	
	Not at all (1)
	A little (2)
	Moderately (3)
	Quite a bit (4)
	Extremely (5)

	Happy (1) 
	
	
	
	
	

	Joyful (2) 
	
	
	
	
	

	Delighted (3) 
	
	
	
	
	

	Cheerful (4) 
	
	
	
	
	

	Excited (5) 
	
	
	
	
	

	Enthusiastic (6) 
	
	
	
	
	

	Lively (7) 
	
	
	
	
	

	Energetic (8) 
	
	
	
	
	

	Calm (9) 
	
	
	
	
	

	Relaxed (10) 
	
	
	
	
	

	At ease (11) 
	
	
	
	
	

	Afraid (12) 
	
	
	
	
	

	Upset (13) 
	
	
	
	
	

	Hostile (14) 
	
	
	
	
	

	Ashamed (15) 
	
	
	
	
	

	Nervous (16) 
	
	
	
	
	






How many types of plants/trees/animals would you guess there were in the Park?
	
	Not many
	A lot



	
	1
	2
	3
	4



	Click to write Choice 1 ()
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How colourful would say the planting was?
	
	Not very
	Very



	
	1
	2
	3
	4



	Click to write Choice 1 ()
	[image: ]





End of Block: PanasX_Experiment_1&3_Post



Thank you so much for taking part in this study!  
   
If you have time, you may use the spaces below to tell us more about your experience.

OPTIONAL- Was there anything that you noticed or liked in particular in any of the tours?
________________________________________________________________

OPTIONAL - Was there anything that you didn’t like or that made you feel uneasy in any of the tours?
________________________________________________________________

OPTIONAL - Is there anything else that you would like to share?
________________________________________________________________



End of Block: Feedback and comments

Start of Block: Debrief Experiment_1&3


Thank you again for taking part in the research! This page will tell you what the survey was about.  
  We could not tell you much of this before the survey. It could have biased your responses.
 This experiment focused on Colour Diversity and Biodiversity (the variety of plants, animals and living beings in a certain place).
 
 
 
 Previous research suggested that urban green spaces with diverse and colourful planting could improve our mental health. This occurs in many ways. Reducing stress, improving mood, promoting social interactions and physical activity.
 
 In this experiment, we tested the effect of biodiversity and colour diversity on your emotional state, which is linked to both stress and mood. Taking a small city park in Manchester as the template, we designed four different parks varying at different levels of colour and species diversity.
 

 Each participant was assigned to one park.
 By comparing the responses to the different settings, we want to observe if (and which) level of colours/biodiversity produced a better emotional uplifting after the visit.
 We will also compare the responses to see if the good mood you gained from the visit also made you cope better with the final stressor.
 
 
  

End of Block: Debrief Experiment_1&3

Start of Block: Intro and flowchart Experiment_2&4

A few suggestions before we start 
   
Thank you for taking part in this study! The survey’s structure follows the flowchart below and should take less than 15 minutes to complete.
   Before you start, here are a few suggestions to improve your survey’s experience:
 
    Check that you are connected via Wi-Fi. The virtual tour can take longer to load on slower connections.
 
    Wear earphones or headphones. One of the tasks will be about listening.
   
   Sit comfortably and avoid distractions for the duration of the survey (switching off notifications helps greatly). 
 This study is about your sensations, so there are no right or wrong answers. You should answer the questions quickly based on your first instincts.  

 




Sound check  
The audio is an important part of this study.  

 Please listen to the audio file below and adjust your device volume at a comfortable level.
 You can replay the file as much as you need.
 
 
      

End of Block: Intro and flowchart Experiment_2&4

Start of Block: PanasX_Experiment_2&4_Base

At the start of the survey, we are interested to record how you feel.
	


Please rate according to how you feel RIGHT NOW. You should answer this quickly based on your first instincts
	
	Not at all (1)
	A little (2)
	Moderately (3)
	Quite a bit (4)
	Extremely (5)

	Happy (1) 
	
	
	
	
	

	Joyful (2) 
	
	
	
	
	

	Delighted (3) 
	
	
	
	
	

	Cheerful (4) 
	
	
	
	
	

	Excited (5) 
	
	
	
	
	

	Enthusiastic (6) 
	
	
	
	
	

	Lively (7) 
	
	
	
	
	

	Energetic (8) 
	
	
	
	
	

	Calm (9) 
	
	
	
	
	

	Relaxed (10) 
	
	
	
	
	

	At ease (11) 
	
	
	
	
	

	Afraid (12) 
	
	
	
	
	

	Upset (13) 
	
	
	
	
	

	Hostile (14) 
	
	
	
	
	

	Ashamed (15) 
	
	
	
	
	

	Nervous (16) 
	
	
	
	
	




End of Block: PanasX_Experiment_2&4_Base

Start of Block: Stressor_Experiment_2&4
Display This Question:
If Device Type Is Not iPhone


This sound is the first task of the survey and it will only last a few more seconds. 
 
The survey will move on automatically  
   
    

End of Block: Stressor_Experiment_2&4


Start of Block: PanasX_Experiment_2&4_stres
Please rate according to how you feel RIGHT NOW. You should answer this quickly based on your first instincts
	
	Not at all (1)
	A little (2)
	Moderately (3)
	Quite a bit (4)
	Extremely (5)

	Happy (1) 
	
	
	
	
	

	Joyful (2) 
	
	
	
	
	

	Delighted (3) 
	
	
	
	
	

	Cheerful (4) 
	
	
	
	
	

	Excited (5) 
	
	
	
	
	

	Enthusiastic (6) 
	
	
	
	
	

	Lively (7) 
	
	
	
	
	

	Energetic (8) 
	
	
	
	
	

	Calm (9) 
	
	
	
	
	

	Relaxed (10) 
	
	
	
	
	

	At ease (11) 
	
	
	
	
	

	Afraid (12) 
	
	
	
	
	

	Upset (13) 
	
	
	
	
	

	Hostile (14) 
	
	
	
	
	

	Ashamed (15) 
	
	
	
	
	

	Nervous (16) 
	
	
	
	
	



End of Block: PanasX_Experiment_2&4_stress

Start of Block: Ranking_Experiment_2&4


Ranking task  
In this section of the survey, we will show you some pictures and ask you to rank them according to your preference.  
There are no right or wrong answers. You should answer this quickly based on your first instincts.


Display This Question:
If Device Type Is Not Mobile

Please look at these four pictures below 
[image: ]
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Please, rank the pictures in order of MOST PREFERRED (you can order all four or just name one) e.g. CDAB or A
________________________________________________________________

End of Block: Ranking_Experiment_2&4

Start of Block: Relax_tour5


This page contains your final task. You will explore an urban park through a virtual tour for a few minutes.  
   
Your tour will start in the centre of the park, but you are free to "walk" in any direction.
Click and drag to move the camera around. This works just like Google street view!
[image: ]

   The button to move on with the survey will appear after you have spent two minutes exploring.
 (Don't worry if the button does not appear. This page will turn automatically after 6 minutes)


Display This Question:
If Device Type Is Not Mobile


Please, use the player below to start your exploration.  
It is essential that you activate the full screen (you can do this by clicking on this button   on the top right of the video frame)   

    



Display This Question:
If Device Type Is Mobile


Please, use the player below to start your exploration.  
It is essential that you activate the full screen (you can do this by clicking on this button   on the top right of the video frame)   

End of Block: Relax_tour5

Start of Block: PanasX_Experiment_2&4_post
Please rate according to how you feel RIGHT NOW. You should answer this quickly based on your first instincts
	
	Not at all (1)
	A little (2)
	Moderately (3)
	Quite a bit (4)
	Extremely (5)

	Happy (1) 
	
	
	
	
	

	Joyful (2) 
	
	
	
	
	

	Delighted (3) 
	
	
	
	
	

	Cheerful (4) 
	
	
	
	
	

	Excited (5) 
	
	
	
	
	

	Enthusiastic (6) 
	
	
	
	
	

	Lively (7) 
	
	
	
	
	

	Energetic (8) 
	
	
	
	
	

	Calm (9) 
	
	
	
	
	

	Relaxed (10) 
	
	
	
	
	

	At ease (11) 
	
	
	
	
	

	Afraid (12) 
	
	
	
	
	

	Upset (13) 
	
	
	
	
	

	Hostile (14) 
	
	
	
	
	

	Ashamed (15) 
	
	
	
	
	

	Nervous (16) 
	
	
	
	
	






How many types of plants/trees/animals would you guess there were in the Park?
	
	Not many
	A lot



	
	1
	2
	3
	4



	  ()
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How colourful would say the planting was?
	
	Not very
	Very



	
	1
	2
	3
	4



	  ()
	[image: ]




End of Block: PanasX_Experiment_2&4_post

Start of Block: Debrief Experiment_2&4


Thank you again for taking part in the research! This page will tell you what the survey was about.  
  We could not tell you much of this before the survey. It could have biased your responses.
 This experiment focused on Colour Diversity and Biodiversity (the variety of plants, animals and living beings in a certain place).
 
 Previous research suggested that urban green spaces with diverse and colourful planting could improve our mental health. This occurs in many ways. Reducing stress, improving mood, promoting social interactions and physical activity.
 
 In this experiment, we tested the effect of biodiversity and colour diversity on your emotional state, which is linked to both stress and mood. Taking a small city park in Manchester as the template, we designed four different parks varying at different levels of colour and species diversity.
 
 Each participant was assigned to one park.
 By comparing the responses to the different settings, we want to observe which level (if any) of colours/biodiversity was the best in helping you relax after the stressor.

End of Block: Debrief Experiment_2&4


[bookmark: _Toc179962434]Chapter 7 – supporting information
Further statistical output
Table S1 Statistical tests checking for differences in demographics between the park groups (online)
	Null Hypothesis
	Test
	N
	Test statistic
	Degrees of freedom
	P-value 
(2-tailed)
	Decision

	The distribution of Age is the same across treatment groups
	Pearson Chi-Square
	396
	6.78
	12
	0.87
	Retain the null hypothesis

	The distribution of Gender is the same across treatment groups
	Pearson Chi-Square
	396
	3.9
	6
	0.69
	Retain the null hypothesis

	The distribution of Education attainment is the same across treatment groups
	Pearson Chi-Square
	396
	6.59
	6
	0.36
	Retain the null hypothesis

	The distribution of Ethnicity is the same across treatment groups
	Pearson Chi-Square
	395
	13.96
	12
	0.08
	Retain the null hypothesis

	The distribution of Nature connectedness is the same across treatment groups
	Pearson Chi-Square
	396
	12.85
	12
	0.38
	Retain the null hypothesis



Table S2 Statistical tests checking for differences in demographics between the park groups (face-to-face)
	Null Hypothesis
	Test
	N
	Test statistic
	Degrees of freedom
	P-value 
(2-tailed)
	Decision

	The distribution of Age is the same across treatment groups
	Kruskal-Wallis test Independent-Samples
	52
	2.6
	2
	0.27
	Retain the null hypothesis

	The distribution of Gender is the same across treatment groups
	Pearson Chi-Square
	52
	0.06
	2
	0.97
	Retain the null hypothesis

	The distribution of Education attainment is the same across treatment groups
	Pearson Chi-Square
	52
	3.48
	4
	0.48
	Retain the null hypothesis

	The distribution of Ethnicity is the same across treatment groups
	Pearson Chi-Square
	461
	10.63
	8
	0.22
	Retain the null hypothesis

	The distribution of Nature connectedness is the same across treatment groups
	Pearson Chi-Square
	463
	9.11
	10
	0.52
	Retain the null hypothesis



[bookmark: _Toc179962435]Face to face - Participant information sheet
Welcome! 
Please, read this page carefully.

About the project
“360 Park” is a study that uses an immersive 360-degree virtual tour to allow you to explore an urban park.
Parks are common in cities but we still know too little about our emotional response to their features. This study is part of two PhD projects investigating how different planting styles may generate different emotional responses.
What do I need to do?
You must be 18 or older to take part in this study. 
You must also avoid drinking/eating anything with caffeine (coffee, tea etc) for the 2 hours preceding your appointment.

You will complete a series of tasks on a computer while wearing a chest strap with sensors. These will record your heart rate while you are performing the tasks. Instructions on how to wear this equipment will be provided.

A survey procedure on the computer will guide you through the tasks. All you need to do is to follow the instructions on the screen.
The tasks include:
· Fill a questionnaire about your emotional state at the start of the procedure and after each tasks. 
· Listen to an audio file containing an annoying noise
· Explore an urban park via a virtual tour for 3 minutes. 

The entire procedure should take about 30 minutes, but you will not need to wear the sensors for more than 20 minutes.
Upon completion of the procedure, you will be offered £10 in the form of a voucher.

Is this anonymous? 
Yes! The data collection is designed to be completely anonymous, but we will need your name and sign on the consent form and the receipt form. These modules will be stored separately and kept in a locked archive in the Department of Landscape Architecture. These records will never be used in the analysis and publishing of the results.

Instead, all data collected in this experiment will be associated with a unique ID.
The only information about yourself that we will ask will be demographics (age, gender and education level). We will also ask a few questions about your relationship with nature and if you have any difficulty in perceiving colours (e.g. colour blindness).

This data will be only accessible to the research team. Later on, the anonymous data will be made available to other researchers via the UK Data Archive repository. 

Can I withdraw from the research?
After being informed about the experiment it is up to you to decide whether or not to take part. In any case, you will be free to withdraw at any time without explanation and without disadvantage. Just let the researchers know. Any data that you may have provided up to your withdrawal will be removed from the dataset. However, due to anonymity, it would not be possible to remove your data once the procedure is complete.
Whether you decide to participate or not and even in the case you withdraw, you will be offered the voucher for your time.

Ethics and Data Protection
This study has been approved by the internal ethics committee of the Department of Landscape Architecture.

According to data protection legislation, we are required to inform you that the legal basis we are applying to process your personal data is that ‘processing is necessary for the performance of a task carried out in the public interest’ (Article 6(1)(e)). Further information can be found in the University’s Privacy Notice (https://www.sheffield.ac.uk/govern/data-protection/privacy/general)

Contacts and what to do if you are not happy
If you have any questions, concerns or complaints about this study you can contact the PhD researchers or their supervisor, using the details below. If you feel your complaint has not been handled in a satisfactory way you can contact the Head of the Department of Landscape Architecture, using the details below. If the complaint relates to how your personal data has been handled, you can find information about how to raise a complaint in the University’s Privacy Notice (https://www.sheffield.ac.uk/govern/data-protection/privacy/general)

If you wish to make a report of a concern or incident relating to potential exploitation, abuse or harm resulting from your involvement in this project, please contact the project’s Designated Safeguarding Contact using the details below. If the concern or incident relates to the Designated Safeguarding Contact, or if you feel a report you have made to this Contact has not been handled in a satisfactory way, please contact the Head of the Department of Landscape Architecture, using the details below and/or the University’s Research Ethics & Integrity Manager (Lindsay Unwin; l.v.unwin@sheffield.ac.uk).

PhD Researchers: Simone Farris sfarris1@sheffield.ac.uk; lzhang73@sheffield.ac.uk
Supervisor: Ross Cameron r.w.cameron@sheffield.ac.uk
Head of Department: Helen Woolley h.woolley@sheffield.ac.uk
Designated Safeguarding Contact: Nicola Dempsey n.dempsey@sheffield.ac.uk
The University of Sheffield, Department of Landscape, Floor 13, The Arts Tower, Western Bank, Sheffield, S10 2TN

[bookmark: _Toc179962436]Face-to-face Consent Form

Before the experiment starts, please take a moment to read and fill this consent form.

I have read and understood the project information.
· Yes

I have been given the opportunity to ask questions about the project.
· Yes

I understand that my taking part is voluntary and that I can withdraw from the study at any time. I do not have to give any reasons for why I no longer want to take part and there will be no adverse consequences if I choose to withdraw.
· Yes

I understand that my name and signature will be collected as part of this consent. These details will not be used or published in research outputs or made available on data repositories.
· Yes

I understand and agree that the anonymous data (demographics, emotional response, heart rate) can be used in reports, research papers, and other research outputs and that the data will be later made available on the UK Data Archive repository
· Yes

I agree to take part in the project. I understand that taking part in the project will include wearing sensors, filling a questionnaire, and completing a few tasks (listening to an audio file and exploring a virtual tour).
· I agree



Name of participant (printed)			Signature			Date



Project contact details for further information:
[bookmark: _gjdgxs]PhD Researcher: Simone Farris sfarris1@sheffield.ac.uk
Supervisor: Ross Cameron r.w.cameron@sheffield.ac.uk
Head of Department: Helen Woolley h.woolley@sheffield.ac.uk
Designated Safeguarding Contact: Nicola Dempsey n.dempsey@sheffield.ac.uk
The University of Sheffield, Department of Landscape, Floor 13, The Arts Tower, Western Bank, Sheffield, S10 2TN

[bookmark: _Toc179962437]

Survey text

“Threesixtycarpark” – Face to Face


Start of Block: ID generator

random_id The Random ID is:
  ${rand://int/10000:99999}
 
 RESEARCHER, please type the above number here

________________________________________________________________
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time_recording_start Click to write the question text
________________________________________________________________



Q265 Department / Job 

________________________________________________________________

End of Block: ID generator

Start of Block: Demographics

intro Let's start with these questions about yourself



first time  Have you ever used a virtual tour before? (e.g. on Google Maps, Museums or renting agency)
Yes  (1) 
No  (2) 



gender What is your gender?
Male  (1) 
Female  (2) 
Non-binary / third gender  (3) 
Prefer not to say or self describe  (4) __________________________________________________



Ethnicity 
What is your ethnic group? 

Choose one option that best describes your ethnic group or background

White  (1) 
Mixed/Multiple ethnic groups  (2) 
Asian  (3) 
Black/African/Caribbean  (4) 
Other ethnic group (please describe)  (5) __________________________________________________



age How old are you? Please type your age in years

________________________________________________________________



education What is the highest educational level that you have achieved?
High school, GCSE or equivalent  (3) 
Bachelor or equivalent  (21) 
Masters or equivalent  (22) 
Doctoral or equivalent  (23) 
Other (please describe)  (24) __________________________________________________



child_outside How much time did you spend outdoors as a child?
A lot  (1) 
A moderate amount  (2) 
A little  (3) 
None at all  (4) 



colour_blindness Do you have any difficulty perceiving colours?  (e.g. Colour blindness, Colour vision deficiency)
Yes  (1) 
No  (2) 

End of Block: Demographics

Start of Block: INS
	[image: ]



ins 
The two circles below represent your own concepts of self and nature.
 (If you don't see the circles, try moving the slider and they should appear)  
   
Please use the slider below to describe your relationship with the natural environment.  
   
How interconnected are you with nature? The more the circles overlap, the more connected you are.  

	
	1
	2
	3
	4
	5
	6
	7



	  ()
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End of Block: INS

Start of Block: Baseline instructions

Q227 We are now about to start the baseline measurement.
 On the next section, you will find a white page with a fixation cross like the one below.
 
   
We will record the heart activity for about 3 minutes
 Then, the page will turn automatically  
   
   
Sit comfortably, with both feet on the ground; arms on the armrests, and the palm of the hands facing down.
 
   
   
When you are ready to start, proceed to the next page
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time_baseline_start Click to write the question text
________________________________________________________________

End of Block: Baseline instructions

Start of Block: Baseline measurement

Q245   
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time_baseline_end Click to write the question text
________________________________________________________________


End of Block: Baseline measurement

Start of Block: PanasX_cool_Base
	



PanasX_cool_Base Please rate according to how you feel RIGHT NOW. You should answer this quickly based on your first instincts
	
	Not at all (1)
	A little (2)
	Moderately (3)
	Quite a bit (4)
	Extremely (5)

	Happy (1) 
	
	
	
	
	

	Joyful (2) 
	
	
	
	
	

	Delighted (3) 
	
	
	
	
	

	Cheerful (4) 
	
	
	
	
	

	Excited (5) 
	
	
	
	
	

	Enthusiastic (6) 
	
	
	
	
	

	Lively (7) 
	
	
	
	
	

	Energetic (8) 
	
	
	
	
	

	Calm (9) 
	
	
	
	
	

	Relaxed (10) 
	
	
	
	
	

	At ease (11) 
	
	
	
	
	

	Afraid (12) 
	
	
	
	
	

	Upset (13) 
	
	
	
	
	

	Hostile (14) 
	
	
	
	
	

	Ashamed (15) 
	
	
	
	
	

	Nervous (16) 
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time_stressor_start Click to write the question text
________________________________________________________________

End of Block: PanasX_cool_Base

Start of Block: Stressor
Display This Question:
If Device Type Is Not iPhone

Stressor_cool 
This sound is part of the survey and it will only last a few more seconds. 
 
The page will move on automatically.  
   
    


Display This Question:
If Device Type Is Not iPhone

Stressor_warm_timer Timing
First Click  (1)
Last Click  (2)
Page Submit  (3)
Click Count  (4)
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time_stressor_end Click to write the question text
________________________________________________________________

End of Block: Stressor

Start of Block: PanasX_cool_stress
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PanasX_cool_stress Please rate according to how you feel RIGHT NOW. You should answer this quickly based on your first instincts
	
	Not at all (1)
	A little (2)
	Moderately (3)
	Quite a bit (4)
	Extremely (5)

	Happy (1) 
	
	
	
	
	

	Joyful (2) 
	
	
	
	
	

	Delighted (3) 
	
	
	
	
	

	Cheerful (4) 
	
	
	
	
	

	Excited (5) 
	
	
	
	
	

	Enthusiastic (6) 
	
	
	
	
	

	Lively (7) 
	
	
	
	
	

	Energetic (8) 
	
	
	
	
	

	Calm (9) 
	
	
	
	
	

	Relaxed (10) 
	
	
	
	
	

	At ease (11) 
	
	
	
	
	

	Afraid (12) 
	
	
	
	
	

	Upset (13) 
	
	
	
	
	

	Hostile (14) 
	
	
	
	
	

	Ashamed (15) 
	
	
	
	
	

	Nervous (16) 
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time_park_start Click to write the question text
________________________________________________________________

End of Block: PanasX_cool_stress

Start of Block: Relax_tour5

This page contains your second task. You will explore an urban park through a virtual tour for a few minutes.  
   
Your tour will start in the centre of the park, but you are free to "walk" in any direction.  
Click and drag to move the camera around. This works just like Google street view!  
   
  
   
 


Display This Question:
If Device Type Is Not Mobile

tour5_PC 
Please, use the player below to start your exploration.  
It is essential that you activate the full screen (you can do this by clicking on this button   on the top right of the video frame)   

    




autoadvance_HBHC Timing
First Click  (1)
Last Click  (2)
Page Submit  (3)
Click Count  (4)
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time_park5_end Click to write the question text
________________________________________________________________

End of Block: Relax_tour5

Start of Block: Relax_tour7

tour_info_warm 
This page contains your second task. You will explore an urban park through a virtual tour for a few minutes.  
   
Your tour will start in the centre of the park, but you are free to "walk" in any direction.
Click and drag to move the camera around. This works just like Google street view!



  






Display This Question:
If Device Type Is Not Mobile

tour7_PC 
Please, use the player below to start your exploration.  
It is essential that you activate the full screen (you can do this by clicking on this button   on the top right of the video frame)    

   
	[image: ]



time_park7_end Click to write the question text
________________________________________________________________

End of Block: Relax_tour7

Start of Block: Relax_carparka

tour_info_cool 
This page contains your final task. You will "walk" across a car park through a virtual tour for a few minutes.  
   
Your tour will start at one of the gates and you will be able to reach the other one. You are free to move back or forward as you please.  
Click and drag to move the camera around. This works just like Google street view!  
 



Carpark_PC 
Please, use the player below to start your exploration.  
It is essential that you activate the full screen (you can do this by clicking on this button   on the top right of the video frame)     
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time_carpark_end Click to write the question text
________________________________________________________________

End of Block: Relax_carparka

Start of Block: PanasX_cool_Post
panasx_cool_post Please rate according to how you feel RIGHT NOW. You should answer this quickly based on your first instincts
	
	Not at all (1)
	A little (2)
	Moderately (3)
	Quite a bit (4)
	Extremely (5)

	Happy (1) 
	
	
	
	
	

	Joyful (2) 
	
	
	
	
	

	Delighted (3) 
	
	
	
	
	

	Cheerful (4) 
	
	
	
	
	

	Excited (5) 
	
	
	
	
	

	Enthusiastic (6) 
	
	
	
	
	

	Lively (7) 
	
	
	
	
	

	Energetic (8) 
	
	
	
	
	

	Calm (9) 
	
	
	
	
	

	Relaxed (10) 
	
	
	
	
	

	At ease (11) 
	
	
	
	
	

	Afraid (12) 
	
	
	
	
	

	Upset (13) 
	
	
	
	
	

	Hostile (14) 
	
	
	
	
	

	Ashamed (15) 
	
	
	
	
	

	Nervous (16) 
	
	
	
	
	






perc_bio_cool How many types of plants/trees/animals could you see in the Park?
 (Excluding trees on the street)
	
	None
	A few
	Some
	A lot



	
	1
	2
	3
	4



	  ()
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End of Block: PanasX_cool_Post

Start of Block: Debrief Cool

debrief cool 
Thank you again for taking part in the research! This page will tell you what the survey was about.  
  We could not tell you much of this before the survey. It could have biased your responses.
 This experiment focused on Biodiversity (the variety of plants, animals and living beings in a certain place).
 
 Previous research suggested that urban green spaces with diverse and colourful planting could improve our mental health. This occurs in many ways. Reducing stress, improving mood, and promoting social interactions and physical activity.
 
 In this experiment, we tested the effect of biodiversity on your emotional state, which is linked to both stress and mood. Taking the same city park as the template, we designed three different parks varying in biodiversity and assigned each participant was assigned to one park.
 
 
 By comparing the responses to the different settings, we want to observe which level of biodiversity (if any) was the best in helping you relax after the stressor.

End of Block: Debrief Cool

Control	0.36662855104664421	0.43884632198291929	0.3233634640606497	0.36662855104664421	0.43884632198291929	0.3233634640606497	Baseline	Stressor	Video	7.2934782608695645	9.0217391304347831	6.5652173913043477	Low Floral	0.37067981824263985	0.44369559982354922	0.32693664948385959	0.37067981824263985	0.44369559982354922	0.32693664948385959	Baseline	Stressor	Video	7.866666666666668	9.3666666666666689	6.4444444444444446	High Floral	0.36662855104664421	0.43884632198291929	0.3233634640606497	0.36662855104664421	0.43884632198291929	0.3233634640606497	Baseline	Stressor	Video	8.3478260869565215	10.184782608695652	6.8586956521739131	High Floral and rich audio	0.35522797349048968	0.4252000810812856	0.31330824539225632	0.35522797349048968	0.4252000810812856	0.31330824539225632	Baseline	Stressor	Video	7.4795918367346967	9.397959183673473	6.7551020408163271	
Mean NA Scores




Control	0.43028412487644813	0.46381823061448163	0.4793264024719745	0.43028412487644813	0.46381823061448163	0.4793264024719745	Baseline	Stressor	Video	14.086956521739131	13.978260869565217	13.456521739130432	Low Floral	0.43503878993211059	0.46894344952399891	0.48462298759870748	0.43503878993211059	0.46894344952399891	0.48462298759870748	Baseline	Stressor	Video	13.988888888888891	13.333333333333332	14.088888888888889	High Floral	0.43028412487644813	0.46381823061448163	0.4793264024719745	0.43028412487644813	0.46381823061448163	0.4793264024719745	Baseline	Stressor	Video	14.021739130434783	13.59782608695652	13.619565217391301	High Floral and rich audio	0.41690413163033585	0.44939547031667271	0.46442140445560604	0.41690413163033585	0.44939547031667271	0.46442140445560604	Baseline	Stressor	Video	14.571428571428577	13.867346938775515	13.948979591836741	
Mean PA Scores




Bad or Neutral	NA	-2.2173913043478235	Good	NA	-3.076142131979692	Very good	NA	-2.873563218390804	Changes in NA




Bad or Neutral	PA	-0.86956521739129933	Good	PA	0.31979695431472521	Very good	PA	0.85057471264368267	Changes in PA




Did not mention flowers 	Changes from stress to video	-8.3086053412463556E-2	Mentioned flowers	Changes from stress to video	1.657142857142853	Changes in PA




Low	EN	-0.22900000000000009	Med	EN	0.17099999999999982	High	EN	0.13800000000000034	Mean change in Joviality




Low	EN	-0.1599999999999997	Med	EN	0.13600000000000012	High	EN	0.1549999999999998	Mean change in Serenity



Low	EN	-0.11299999999999999	Med	EN	-0.21300000000000008	High	EN	-0.21199999999999997	Mean change in Negative Affect



Low	EN	0.10099999999999998	Med	EN	0.48599999999999977	High	EN	0.39999999999999991	Mean change in Joviality



Low	0.35099999999999998	EN	Med	0.9009999999999998	EN	High	0.77800000000000002	EN	Mean change in Serenity



Low	-0.26	EN	Med	-0.50499999999999989	EN	High	-0.43100000000000005	EN	Mean change in Negative Affect



Low	CH	-5.2999999999999936E-2	Med	CH	-1.4000000000000234E-2	High	CH	0.11299999999999999	Mean change in Joviality




Low	CH	-4.3000000000000149E-2	Med	CH	0	High	CH	-6.999999999999984E-2	Mean change in Serenity



Low	CH	-0.20799999999999996	Med	CH	-0.17700000000000005	High	CH	-0.18099999999999983	Mean change in Negative Affect



Low	CH	0.15600000000000014	Med	CH	0.11500000000000021	High	CH	0.43899999999999961	Mean change in Joviality



Low	0.1419999999999999	CH	Med	1.4000000000000234E-2	CH	High	0.21799999999999997	CH	Mean change in Serenity



Low	-0.21300000000000008	CH	Med	-0.29099999999999993	CH	High	-0.20700000000000007	CH	Mean change in Negative Affect



Car park	baseline	stressor	park	2.4380000000000002	2.11	2.0169999999999999	Low sp. richness	baseline	stressor	park	2.544	2.1880000000000002	2.637	High sp. Richness	baseline	stressor	park	2.4529999999999998	2.06	2.552	
Mean Joviality




Car park	baseline	stressor	park	3.544	2.7280000000000002	3.0070000000000001	Low sp. richness	baseline	stressor	park	3.5529999999999999	2.73	3.5739999999999998	High sp. Richness	baseline	stressor	park	3.468	2.6379999999999999	3.4940000000000002	
Mean Serenity



Car park	baseline	stressor	park	1.3320000000000001	1.579	1.296	Low sp. richness	baseline	stressor	park	1.31	1.516	1.214	High sp. Richness	baseline	stressor	park	1.2190000000000001	1.4810000000000001	1.1299999999999999	
Mean Negative Affect



no sp	baseline	stressor	park	2.379	2.0369999999999999	1.869	a few sp	baseline	stressor	park	2.4089999999999998	2.121	2.306	some sp	baseline	stressor	park	2.4700000000000002	2.1960000000000002	2.4470000000000001	a lot of sp	baseline	stressor	park	2.548	2.125	2.6779999999999999	
Mean Joviality



a few sp	baseline	stressor	park	3.5859999999999999	2.7360000000000002	3.2410000000000001	a few sp	baseline	stressor	park	3.5859999999999999	2.7360000000000002	3.2410000000000001	some sp	baseline	stressor	park	3.4239999999999999	2.7280000000000002	3.3730000000000002	a lot of sp	baseline	stressor	park	3.5510000000000002	2.661	3.5880000000000001	
Mean Serenity



no sp	baseline	stressor	park	1.2509999999999999	1.514	1.296	a few sp	baseline	stressor	park	1.4279999999999999	1.4970000000000001	1.262	some sp	baseline	stressor	park	1.3979999999999999	1.593	1.2629999999999999	a lot of sp	baseline	stressor	park	1.228	1.504	1.1359999999999999	
Mean Joviality



Car park	baseline	stressor	park	2.6139999999999999	2.2389999999999999	2.0569999999999999	Low sp. richness	baseline	stressor	park	2.556	2.081	2.9380000000000002	High sp. Richness	baseline	stressor	park	2.298	1.851	3.089	
Mean Joviality



Car park	baseline	stressor	park	3.4550000000000001	2.3940000000000001	2.5449999999999999	Low sp. richness	baseline	stressor	park	3.5329999999999999	2.2000000000000002	3.65	High sp. Richness	baseline	stressor	park	3.5710000000000002	2.222	3.8570000000000002	
Mean Joviality



car park	baseline	stressor	park	1.4550000000000001	1.7090000000000001	1.4910000000000001	low biodiversity	baseline	stressor	park	1.38	1.97	1.17	high biodiversity	baseline	stressor	park	1.2190000000000001	1.6759999999999999	1.095	
Mean Negative Affect
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