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Abstract
1. Forests can foster mental health and well-being. Yet, the contribution of forest 

biodiversity remains unclear, and experimental research is needed to unravel 
pathways of biodiversity–health linkages. Here, we assess the role of tree spe-
cies richness, both actual and perceived, and how stress reduction and attention 
restoration can serve as potential mediating pathways to achieve positive mental 
health and well-being outcomes.

2. We conducted an experimental, multicentric field study in three peri-urban for-
ests in Europe, employing a mixed design with 223 participants, that comprised 
20-min stays in forests with either low, medium or high tree species richness or 
a built control. Participants' short-term mental health and well-being and saliva 
cortisol as a biomarker of stress were measured before and after the intervention.

3. Forest visits for 20 min were found to be beneficial for participants' short-term 
mental health, short-term mental well-being, subjective stress, subjective directed 
attention and perceived restorativeness compared with a built environment. No 
differences were found for the physiological stress indicator saliva cortisol, which 
decreased in both the forest and the built environments.

4. Increased perceived biodiversity—possibly linked to structural forest attrib-
utes—was significantly associated with well-being outcomes, while no associa-
tion was found for differences in actual tree species richness. Structural equation 
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1  |  INTRODUC TION

Nature experiences can confer a suite of mental health and well-being 
benefits through reducing many of the stresses associated with urban 
living (Bowler et al., 2010; Keniger et al., 2013; Marselle, Warber, & 
Irvine, 2019). Studies suggest that time spent in forests promotes men-
tal health, that is the absence of symptoms associated with psycholog-
ical conditions such as anxiety or depression (Bielinis et al., 2020; Wen 
et al., 2019; Zabini et al., 2020), as well as mental well-being, that is a 
person's emotional state (Cervinka et al., 2020; Nghiem et al., 2021). 
More recently, studies conducted during the global COVID-19 pan-
demic have demonstrated that nature visits are an effective na-
ture-based coping mechanism (Berdejo-Espinola et al., 2021). In the 
German city of Bonn, for instance, strong increases in the number 
of forest visits were observed during the first COVID-19 lockdown 
(Derks et al., 2020), while a study from the United Kingdom found that 
perceived access to green spaces and private gardens emerged as pro-
tective factors for self-reported psychological and physical well-being 
(Poortinga et al., 2021). Natural environments high in biodiversity, 
that is the variability among living organisms within species, between 
species and of ecosystems (United Nations, 1992), provide additional 
benefits for people's mental health and well-being compared with 
those lower in biodiversity (see reviews by Hedin et al., 2022; Lovell 
et al., 2014; Marselle, Martens, et al., 2019). Previous studies, however, 
have been largely correlational, challenging the ability to draw causal 
conclusions about the effects of biodiversity. We therefore need to 
clarify whether more biodiverse environments provide greater mental 
health and well-being benefits and the pathways through which this 
might occur.

There are two ways to measure biodiversity when assessing its 
effect on mental states: actual and perceived biodiversity. Actual 
biodiversity refers to the empirical measurement of biological varia-
tions in a specific location (e.g. species richness, metrics of structural 
or functional diversity). Perceived biodiversity is a person's subjec-
tive assessment of the biodiversity they think is present in an envi-
ronment (e.g. Fuller et al., 2007), and is commonly captured through 
self-report measures (e.g. Dallimer et al., 2012; Fuller et al., 2007; 
Marselle et al., 2016). Studies report a good, general concordance 

between actual and perceived biodiversity (Fuller et al., 2007; 
Gao et al., 2019; Gonçalves et al., 2021; Johansson et al., 2014; 
Lindemann-Matthies et al., 2010; Meyer-Grandbastien et al., 2020; 
Simkin et al., 2021; Southon et al., 2018), yet the accuracy of lay 
people's biodiversity assessments does not allow for conflating both 
constructs (Austen et al., 2021; Dallimer et al., 2012). Compared 
with actual biodiversity, perceived biodiversity has been shown to 
be a stronger predictor of mental well-being (Cameron et al., 2020; 
Dallimer et al., 2012; Schebella et al., 2019).

For forest ecosystems, several studies addressed the relationship 
between biodiversity and mental health and well-being. These studies 
assessed the influence of actual forest biodiversity (Chiang et al., 2017; 
Foo, 2016; Johansson et al., 2014; Lee et al., 2018; Simkin et al., 2020; 
Wei et al., 2022; Wolf et al., 2017), perceived forest biodiversity 
(Nghiem et al., 2021) or a combined assessment of both (Johansson 
et al., 2014). Even though there were positive forest biodiversity effects 
in most of these studies, evidence is yet insufficient to identify decisive 
forest biodiversity indicators that drive mental health and well-being 
benefits. This is because of the heterogeneity in methodological ap-
proaches (experimental vs. correlational, field vs. laboratory), study de-
signs (between-subjects vs. within-subjects), measurements of forest 
biodiversity (actual vs. perceived biodiversity) as well as the operation-
alisation of forest biodiversity (single biodiversity indicators such as 
species richness vs. holistic biodiversity inventories; Beute et al., 2020; 
Hedin et al., 2022; Nguyen et al., 2021). In natural settings other than 
forests, positive effects of actual species richness on mental health 
and well-being were found (e.g. Cox et al., 2017; Dallimer et al., 2012; 
Mavoa et al., 2019; Methorst et al., 2021), rendering species richness 
the most likely candidate in explaining psychological benefits through 
biodiversity. The particular role of species richness in forests, however, 
is largely unknown.

1.1  |  Mediating pathways linking forest 
biodiversity to mental health and well-being

How contact with biodiversity leads to better mental health and well-
being outcomes is not yet well understood. Marselle et al. (2021) 

modelling indicates that higher levels of perceived biodiversity had an indirect 
effect on short-term mental health and well-being through enhancing perceived 
restorativeness.

5. While we found no evidence of actual tree species richness effects, perceived 
biodiversity was associated with positive short-term mental health and well-being 
outcomes. Understanding these biodiversity–health linkages can inform conser-
vation management and help develop effective nature-based interventions for 
promoting public health through nature visits.

K E Y W O R D S
attention restoration, Dr. FOREST, forest diversity, mental health and well-being, perceived 
biodiversity, stress reduction, structural equation modelling, tree species richness
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proposed that contact with biodiversity can deliver health benefits 
or risks through four mechanistic pathways: reducing harm, 
increasing harm, restoring capacities and building capacities. Of 
particular interest for this study is the ‘restoring capacities’ domain, 
which refers to the recovery of adaptive capabilities that may have 
been diminished through the demands of dealing with everyday 
life (Marselle et al., 2021). Over time, the lack of restoring these 
adaptive capacities can result in poor mental and physical health 
(von Lindern et al., 2017). Environments that facilitate restoration of 
these capacities are called restorative environments. There are two 
main theories of restorative environments: Stress Recovery Theory 
(SRT; Ulrich, 1983; Ulrich et al., 1991) and Attention Restoration 
Theory (ART; Kaplan, 1995; see Box 1). With regard to SRT, studies 
have found that stress recovery is strongest when people are 
exposed to medium (Chiang et al., 2017; Lindemann-Matthies & 
Matthies, 2018) or high biodiversity environments (Lee et al., 2018; 
Pettersson et al., 2021; Schebella et al., 2019). Effects were found 
for both subjective (Schebella et al., 2019) and physiological stress 
(e.g. Pettersson et al., 2021). Yet, studies on the mediating effect 
of stress on the relationship between biodiversity and mental 
health and well-being are lacking. Regarding ART, there is evidence 

suggesting that biodiversity increases perceived restorativeness 
(Gonçalves et al., 2021; Scopelliti et al., 2012; Simkin et al., 2020) and 
restores directed attention (Chiang et al., 2017). Both actual (Carrus 
et al., 2015) as well as perceived biodiversity (Fisher et al., 2021; 
Marselle et al., 2016; Nghiem et al., 2021) have been found to 
indirectly promote mental well-being by increasing perceived 
restorativeness. Of these studies, only Nghiem et al. (2021) focussed 
on a forest setting: Perceived animal species richness indirectly 
increased mental well-being, by elevating perceived restorativeness, 
though no significant effects were reported for perceived plant 
diversity (Nghiem et al., 2021). One central question, however, 
remains unaddressed with ART: While perceived restorativeness 
as a mediating pathway was investigated by some studies (e.g. 
Nghiem et al., 2021), no study has tested whether biodiversity 
indirectly increases mental health and well-being via directed 
attention. In addition, in the light of the particular importance of 
perceived biodiversity in fostering mental health and well-being, 
a double mediation model (i.e. actual biodiversity → perceived 
biodiversity → stress recovery/attention restoration → mental health 
and well-being) might be most accurate in describing biodiversity—
mental health and well-being relationships. No study, to date, looked 

BOX 1 SRT and ART and their relation to mental health, mental well-being and biodiversity

SRT (Ulrich, 1983; Ulrich et al., 1991) states that natural environments with certain visual properties benefit mental health by facili-
tating recovery from stress, measured as reduced physiological and psychological stress (Ulrich, 1983; Ulrich et al., 1991). Stress and 
mental health and well-being are highly correlated (e.g. Fiksdal et al., 2019; Qi et al., 2016) with excess stress deteriorating mental 
health (e.g. Larsson et al., 2008). Visual properties of nature that foster stress recovery are moderate-to-high levels of complexity, 
a focal point, moderate-to-high levels of depth, a rather homogeneous surface texture, deflected vista, water and the lack of threat 
(Ulrich, 1983). In the SRT, biodiversity is considered an aspect of complexity (Ulrich, 1983).

According to ART (Kaplan, 1995), certain environmental experiences foster restoration of the ability to direct attention (Kaplan, 1995). 
Attention and mental health and well-being are inevitably intertwined, with attentional deficits being listed among core symptoms 
of, for example attention deficit hyperactivity disorder (ICD-11; World Health Organization, 2022), and a cause of, for example anxi-
ety (McNally, 2019; Mogg & Bradley, 2018). Two counterparts of attention have to be distinguished, namely directed attention and 
involuntary attention (James, 1890). Directed attention is effortful, requiring cognitive effort to focus and concentrate. As such, 
directed attention is a limited cognitive resource, which can become depleted through demands in our everyday lives. In contrast, 
involuntary attention does not require top-down control mechanisms, making it limitless. Engaging effortless, involuntary attention 
enables restoration of effortful, directed attention through the reciprocal nature of these attentional subsystems (Kaplan, 1995). 
Four experiential qualities of nature, referred to as perceived restorativeness, are said to encourage effortless, involuntary attention 
(Kaplan, 1995):

1. fascination, evoked by nature's attracting sensory cues that hold the viewer's attention without cognitive effort,
2. a sense of being away, both physically and mentally, from the cognitive demands of everyday life,
3. extent, that is an environment is perceived as a coherently organised while providing a sufficient scope to invite for further explora-

tion and
4. compatibility between environmental characteristics and a person's needs.

Perceived restorativeness is intermediate in character, occurring between one's experience of an environment and restored directed 
attention (Hartig, 2011). Accordingly, increases in perceived restorativeness have previously been shown to align with better directed 
attention (Barbiero et al., 2021; Berto, 2005). Biodiversity may benefit attention restoration as it contains stimuli likely to support 
all four experiential qualities of perceived restorativeness (Marselle et al., 2016, 2021; Marselle, Warber, et al., 2019). For instance, 
higher species richness might lead to increased experience of fascination by offering a variation of sensory cues.
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at mediating effects of perceived biodiversity in linking actual 
biodiversity and mental health and well-being.

1.2  |  Aim of the present study

The present study investigates the effect of actual and perceived 
forest diversity on short-term mental health and well-being accord-
ing to the conceptual framework by Marselle et al. (2021). We fol-
lowed an experimental approach across three study sites in three 
countries (Austria, Belgium and Germany) and exposed participants 
to stands of differing tree species richness, which operationalised 
different levels of biodiversity. We also tested the association of tree 
species richness and measures of perceived forest biodiversity to 
assess the relatedness of the two constructs. We hypothesise that:

1. Exposure to forest environments promotes short-term men-
tal health, short-term mental well-being, stress recovery and 
attention restoration in comparison to exposure to a built 
environment.

2. Higher levels of actual forest diversity, that is tree species rich-
ness, elicit increased short-term mental health and well-being, 
stress recovery and attention restoration.

3. There is a positive relationship between actual tree species rich-
ness and perceived forest biodiversity.

4. Higher levels of perceived biodiversity elicit increased short-
term mental health and well-being, stress recovery and attention 
restoration.

5. The effect of actual tree species richness on short-term mental 
health and well-being is mediated by perceived forest biodiversity 
and stress recovery, as well as attention restoration.

2  |  MATERIAL S AND METHODS

2.1  |  Study design

We conducted a multicentre study in three cities across Europe 
in September 2021: Leipzig (Germany, n = 70 participants), Vienna 
(Austria, n = 66) and Louvain-la-Neuve (Belgium, n = 87). The study 
aimed to clarify how forest diversity (i) influences mental health and 
well-being (see the present study) and subjective thermal comfort 
(see Gillerot et al., 2024). A total of 223 participants (72% females) 
between 18 and 60 years of age (M = 35.58, SD = 12.67) took part. 
Prior to the study, we conducted a power analysis for small- and me-
dium-sized effects using G-Power (Faul et al., 2007). This indicated 
that a sample size of 136–824 participants is required to detect me-
dium- or small-sized effects with a statistical power of 0.80 using 
mixed ANOVAs (α = 0.05). The study was conducted in accordance 
with the Declaration of Helsinki and approved by the institutional 
ethical committees of Leipzig University (reference: 2021.05.13_
eb_91), the Medical University Vienna (reference: 01509146/2021) 
and the University of Louvain (reference: 2021-30).

Participants were recruited through the social media platforms 
Facebook and Instagram as well as word of mouth. Prior to participa-
tion, all participants were subjected to a phone screening. Eligibility 
criteria were good physical and mental health, normal or correct-
ed-to-normal vision and hearing, a body mass index between 18 and 
30, and no consumption of medication targeted at the central ner-
vous system (e.g. antidepressants). As we measured saliva cortisol as 
a biomarker of stress, we asked participants to refrain from smoking 
and consuming caffeinated beverages on the day of data collection. 
Participants were also instructed not to eat, drink or brush their 
teeth 30 min prior to the study. We compensated participants with a 
forest bathing workshop upon conclusion of the study and/or course 
credits. Each participant had the option to complete the survey ei-
ther in German, English, French or Dutch, and written informed con-
sent was provided prior to participation.

2.2  |  Study sites

Forest patches with differing tree species richness (1, 2 and >4 
species) were selected with the help of local forest management 
agencies, resulting in low, medium and high tree species richness 
conditions. Study sites were considered eligible if they contained a 
visual scenery of the targeted tree species richness from the par-
ticipants' point of view on their seats (see Figure 1). The monocul-
ture species differed among cities and were chosen according to 
their local dominance: Fraxinus americana (white ash, Leipzig), Fagus 
sylvatica (common beech, Vienna) and Pinus sylvestris (Scots pine, 
Louvain-la-Neuve). The species composition for the medium and 
high diversity patches is presented in Table 1. Patches in each of the 
three sites were within the same forest complex; that is, all patches 
were within a radius of approximately 2 km. Differences in altitude 
were avoided with only the monospecific patch in Vienna being situ-
ated at a slight descending slope. Access permissions to forests were 
given by local authorities. Built control sites contained no trees and 
as little vegetation as possible (see Figure 1).

2.3  |  Procedure

Data collection took place on three weekends in September 2021 
(one weekend per city). To control for light conditions, we invited 
participants between 09:15 AM and 1:30 PM with an average study 
duration of 2 h. A maximum of 20 participants were invited per 
time slot (two time slots in the morning (9:15 and 10:15 AM) and 
in the afternoon (12:30 and 1:30 PM)). We first asked participants 
to assemble at a central meeting point (CMP) outside the forest 
(see Figure 2 for an overview of the study flow). CMPs had to 
be (i) a neutral space wherein neither urban greenery nor urban 
infrastructure was dominant over the other and (ii) equidistant 
from the forest and built patches. At the CMP, participants were 
welcomed, baseline paper–pencil questionnaires were completed 
and a saliva sample was taken. Participants were randomly assigned 
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to one of the three forest conditions (low, medium and high) or 
a built control condition. Between-subject ANOVAs satisfied 
expectations of group equivalence in preintervention measures, 
indicating that randomisation was successful (all p ranging between 
0.14 and 0.84). Participants were brought to the study sites by a 
van, the windows of which were covered with opaque, yet slightly 
transparent tablecloth to avoid pre-exposure to the forest or 
built environments. Upon arrival at the study sites, participants 
were invited to sit on a chair and to concentrate on what could 
be seen and heard, but not to focus exclusively on either one. No 
further instructions were given. Chairs were positioned so that 
participants could best capture the tree species or built scenario 
representative of the experimental condition. The duration of the 
intervention was 20 min (Kotera et al., 2020; Nghiem et al., 2021). 
Immediately after the intervention, participants completed the 
second set of paper–pencil questionnaires on site (see Supporting 
Information S9 for the entire pre and postintervention survey). 
A second saliva sample was taken 15 min after the intervention 
ended. Participants were then debriefed about the study 
objectives.

2.4  |  Measures

For a detailed overview of all measures with definitions and poten-
tial values, see Table 2.

2.4.1  |  Predictor variables

Forest diversity
Actual forest diversity was operationalised using tree species rich-
ness (i.e. the number of tree species within the participant's visual 
scenery).

Perceived forest biodiversity was assessed through three sub-
jective measures in the postintervention questionnaire. First, per-
ceived tree, plant and bird species richness were assessed with 
one item each, following the methodology of Fuller et al. (2007) 
(i). Second, the Biodiversity Experience Index (BEI; Gyllin & 
Grahn, 2005), a compound value that encompasses participant's 
judgements of plant and animal species richness and how wild and 
varied an environment is perceived as, was assessed (ii). Third, 

F I G U R E  1  Visual sceneries at Louvain-la-Neuve (Belgium). From left to right and top to bottom: low (a), medium (b), high (c) forest 
diversity and built control (d).
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perceived overall biodiversity was assessed by asking participants 
how biodiverse they thought the environment they sat in was (iii). 
Measures (i) and (ii) ask for the perception of particular biodiver-
sity indicators while with measure (iii) we followed recommenda-
tions from Marselle et al. (2015) and enabled participants to rate 
biodiversity based on their subjective understanding of what bio-
diversity is.

2.4.2  |  Outcome measures

Short-term mental health and well-being
We measured both mental health, that is the absence of symptoms 
associated with psychological conditions, as well as mental well-
being, that is the participant's emotional state. Following other 
studies, we assessed anxiety to represent short-term mental 

TA B L E  1  Tree species compositions of the forest patches in the visual sceneries from the participant's perspective.

Biodiversity condition

Tree species richness

Built (control) Low (mono) Medium (2 species) High (4–5 species)

Leipzig, Germany:
Leipziger Auwald

__ Fraxinus americana Fraxinus excelsior
Acer pseudoplatanus

Fraxinus excelsior
Acer pseudoplatanus
Quercus robur
Tilia cordata

Vienna, Austria:
Wienerwald

__ Fagus sylvatica Fagus sylvatica
Pseudotsuga menziesii

Fagus sylvatica
Carpinus betulus
Fraxinus excelsior
Quercus robur
Larix decidua

Louvain-la-Neuve, Belgium:
Bois de Lauzelle

__ Pinus sylvestris Pinus sylvestris
Betula pendula

Pinus sylvestris
Betula pendula
Quercus robur
Castanea sativa
Corylus avellana

F I G U R E  2  Overview of the study design. CMP, central meeting point; forest diversity: low = monoculture, medium = 2 tree species mix, 
high = 4–5 tree species mix; short-term mental health: anxiety; short-term mental well-being: positive and negative affect.
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health (Fisher et al., 2021; Wolf et al., 2017), along with positive 
and negative affect to represent short-term mental well-being 
(Fisher et al., 2021; Marselle et al., 2016; Nghiem et al., 2021; Wolf 
et al., 2017).

Short-term mental health
Momentary levels of anxiety were measured via the state version 
of the state–trait anxiety inventory (STAI; Spielberger et al., 1971). 
The STAI comprises 20 items targeting momentary tendencies for 
‘feelings of tension and apprehension’ (Spielberger et al., 1971, p. 2; 
e.g. ‘I feel anxious’). Before and after the intervention, participants 
were asked to indicate how much each item applied to their current 
state. For each participant and time point (pre/post), a sum score of 
all 20 items was calculated. Cronbach's α values (see, e.g. Tavakol & 
Dennick, 2011) of 0.85 for the pre- and 0.91 for the postinterven-
tion measurement imply good-to-excellent internal consistency of 
the scale.

Short-term mental well-being
We quantified positive and negative affect through the positive and 
negative affect schedule (PANAS; Watson et al., 1988). The PANAS 
consists of 20 items, with 10 items emphasising positive and 10 
items emphasising negative affect (e.g. ‘interested’ for positive af-
fect or ‘guilty’ for negative affect). Before and after the interven-
tion, participants rated their current emotional state on all 20 items. 
Internal consistency for positive affect was good with Cronbach's α 
values of 0.84 (pretest) and 0.87 (post-test), yet reliability of nega-
tive affect was good for post-test scores only (α = 0.82) while pretest 
scores showed ‘questionable’ internal consistency (α = 0.63; Hair 
et al., 2010). Due to broad acceptance and use of the PANAS and 
good internal consistency of the scale in published literature (see, 
e.g. Marselle et al., 2016 with Cronbach's α ranging from 0.82–0.87 
for negative affect), the relatively low reliability scores in our data 
might reflect true variation in items measuring negative affect at 
the preintervention level rather than the scale failing to adequately 
measure the construct.

2.4.3  |  Mediators

Stress
We quantified a subjective and a physiological measure of stress.

Subjective stress ratings. In order to detect pre–post changes in 
subjective stress, we used a single item asking the participants to 
rate how stressed they felt at a given moment.

Saliva cortisol. On a physiological level, time-delayed (30 mins), 
endocrine-driven hypothalamic–pituitary–adrenal (HPA axis) stress 
effects were measured. Activity of the HPA axis was assessed by 
salivary cortisol concentration before and after the intervention. 
Higher cortisol levels reflect a stronger physiological stress response 
(Kirschbaum & Hellhammer, 1989). Samples were frozen and stored 

at −20°C until analysis. After thawing, samples were centrifuged 
at 3000 rpm for 5 min, which resulted in a clear supernatant of low 
viscosity. Salivary concentrations were measured using commercially 
available ELISA with high sensitivity (Tecan—IBL International, 
Hamburg, Germany; catalogue number R52611). The intra- and 
interassay coefficients of variance were below 11%.

Attention
We measured both perceived restorativeness (e.g. Marselle 
et al., 2016; Nghiem et al., 2021), as well as subjective directed at-
tention as restorative outcome (Schebella et al., 2019).

Perceived restorativeness. As we emphasised on the effect of both 
vision and hearing, perceived restorativeness was assessed using the 
16-item Perceived Restorativeness Scale (PRS; Hartig et al., 1997) 
that serves a vision-centred evaluation of an environment, as 
well as the 5-item short form of the perceived restorativeness 
soundscape scale (PRSS_SF; Uebel et al., 2021, adapted from Payne 
& Guastavino, 2018). In both scales, respondents are asked to 
evaluate: fascination (e.g. PRS: ‘This place has fascinating qualities’), 
being away (e.g. PRSS-SF: ‘The sounds here give me a good break 
from my day-to-day routine’), extent (e.g. PRS: ‘it is chaotic here’) and 
compatibility (e.g. PRSS-SF: ‘These sounds here relate to activities 
I like to do’). All items on both scales were answered once, after 
the intervention. Internal consistency of both scales was excellent 
(αPRS = 0.93; αPRSS-SF = 0.94).

Directed attention. Preceding studies of biodiversity's effect on 
self-report-directed attention have used single items (Schebella 
et al., 2019) or the Restorative Outcome Scale (Korpela et al., 2008; 
used in, e.g. Simkin et al., 2020). However, neither of these measures 
are state-dependent, that is targeting temporal changes on a 
short term which makes these measures unsuitable for pre–post 
intervention comparisons. Since—to our knowledge—there is no 
state-sensitive attention questionnaire, we adapted the Attentional 
Control Scale (ACS; Derryberry & Reed, 2002) to measure short-term 
temporal fluctuations in directed attention. Specifically, we adapted 
the attentional focussing subscale of the ACS, as there is substantial 
overlap in definitions of focussed attention and directed attention 
(Diamond, 2013; Stevenson et al., 2018), and studies show that nature 
exposure can enhance attentional focussing (Berman et al., 2008; 
Gamble et al., 2014). Seven out of the original 10 attentional focussing 
items were adapted to create a state-sensitive measure of attentional 
focussing (e.g. original item ‘when trying to focus my attention on 
something, I have difficulty blocking out distracting thoughts’ was 
adapted to ‘at this point in time, I have difficulty blocking out distracting 
thoughts’). The remaining three items were removed as they could not 
be adapted appropriately since these statements are too specific or 
tied to co-occurring events (e.g. ‘It's very hard for me to concentrate 
on a difficult task when there are noises around’; see Supporting 
Information S1 for original and adapted items). The scale showed 
acceptable to good internal consistency with Cronbach's α equalling 
0.76 for the pre- and 0.82 for the postintervention questionnaire. 
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Hereafter, we refer to this scale as the ‘directed attention scale’ (see 
Supporting Information S1).

2.4.4  |  Covariates

Site (i.e. Leipzig, Vienna, Louvain-la-Neuve), species, sex, age, na-
ture relatedness and ecological knowledge were included as co-
variates. Nature relatedness was measured with the 21-item Nature 
Relatedness Scale (NRS; Nisbet et al., 2009), while a single item 
was used to assess the participants' perceptions of their ecological 
knowledge (‘how much do you know about biology or ecology?’).

2.5  |  Statistical analyses

Analyses were conducted using R (version 4.2.1; R Core Team, 2022). 
Of the psycho- and psychophysiological data, 0.49% was missing, 
through, for example, unintentional skipping of an item in the paper 
questionnaires. We imputed missing values using k nearest neighbour 
imputation provided by the R package ‘VIM’ (Kowarik & Templ, 2016).

To address Hypotheses 1 and 2 (i.e. forest > built, and high actual 
forest diversity > lower actual forest diversity), we tested for tempo-
ral changes in anxiety, positive affect, negative affect, subjective and 
physiological stress, and subjective directed attention depending on 
experimental condition. Mixed ANOVAs were computed using the R 
packages ‘lmerTest’ (Kuznetsova et al., 2017) and ‘WRS2’ (for robust 
mixed ANOVAs; Mair & Wilcox, 2020) with experimental condition 
(i.e. actual forest diversity) serving as fixed-effect/between-sub-
jects factor and participant (i.e. the pre–post comparison) as the 
random-effect/within-subjects factor. Furthermore, the group, in 
which each participant experienced the intervention, was added as a 
random effect while covariates (see Section 2.4.4) were included in 
the model as fixed effects. A robust Welch ANOVA and an ANCOVA 
were conducted to test for differences in perceived restorativeness 
of the environment and perceived restorativeness of the sound-
scape as a function of experimental condition under consideration 
of the covariates (see Supporting Information S2 for the full models).

To test Hypotheses 3 and 4, we investigated the effects of per-
ceived biodiversity. We first checked whether actual and perceived 
biodiversity aligned (Hypothesis 3). Due to the ordered-categorical 
nature of actual forest diversity (i.e. the experimental conditions; 
low, medium and high tree species richness), bivariate polychoric 
correlations (e.g. Olsson, 1979) were calculated to check for associa-
tions with the three ordered-categorical perceived biodiversity mea-
sures: perceived tree, plant and bird species richness. Correlation 
coefficients and p-values were calculated using the R package ‘la-
vaan’ (Rosseel, 2012). For continuous perceived biodiversity vari-
ables (perceived overall biodiversity and the BEI), ANOVAs were 
conducted to investigate whether those variables varied as a func-
tion of actual tree species richness (i.e. the experimental conditions).

We then calculated Spearman's correlation coefficients to check 
for meaningful associations between perceived biodiversity and 

state anxiety, momentary positive and negative affect, as well as 
the potential mediators (Hypothesis 4). For all variables that were 
measured before and after the intervention (anxiety, positive and 
negative affect, subjective and physiological stress and subjective 
directed attention) we calculated difference values (postinter-
vention score—preintervention score) reflecting the magnitude of 
change in those variables over time.

To test Hypothesis 5, findings from the preceding analyses were col-
lated to test mediation effects as suggested in the conceptual framework 
linking biodiversity to health proposed by Marselle et al. (2021). Data 
were analysed using structural equation modelling (SEM) with latent 
variable analysis in the R package ‘lavaan’ (Rosseel, 2012). Again, the cre-
ated difference values (post- minus preintervention) were taken where 
needed. Continuous variables were standardised to allow direct com-
parison between different variables. Multicollinearity of variables was 
accounted for through checking bivariate correlations and assuring that 
all r values fell below 0.80 (e.g. Shrestha, 2020). We performed maximum 
likelihood estimation with robust standard errors and Satorra-Bentler 
test statistics. Since indirect effects are particularly sensitive to viola-
tions of multivariate normality, robust Monte Carlo confidence intervals 
for mediation estimates were calculated. Model selection and path spec-
ification were based on theory (i.e. the conceptual framework, Marselle 
et al., 2021) and data/model fit. As model fit indices for SEM differ in their 
sensitivity to different model misspecifications (e.g. misspecification of 
factor loadings vs. factor covariances; Hu & Bentler, 1999), a holistic con-
sideration of several indices is necessary. Accordingly, we strove for a 
nonsignificant χ2 test, a comparative fit index (CFI) ≥0.90 (ideally ≥0.95), a 
root mean square error of approximation (RMSEA) ≤0.07, a standardised 
root mean square residual (SRMR) that should fall below 0.08 and a rela-
tive χ2 (χ2/df) between 2 and 5 (Hooper et al., 2008). Data from the built 
control condition were excluded from the analyses of Hypotheses 3, 4 
and 5 for two reasons: First, there was negligible actual biodiversity at 
the built control conditions which was also perceived as such (i.e. low 
perceived biodiversity ratings in the built condition). Second, including 
participants from the built control would not have allowed us to disen-
tangle potential effects of mere forest exposure (i.e. forest > built) from 
the effects of perceived biodiversity per se (high perceived biodiver-
sity > low perceived biodiversity).

3  |  RESULTS

3.1  |  Effects of forests and actual forest diversity

Our results show restorative effects for forest visits in comparison 
with the built control for most outcome measures. In detail, significant 
interaction effects reveal diverging trends of state anxiety, momentary 
positive and negative affect, subjective stress and subjective directed 
attention from pre- to postintervention levels depending on whether 
participants were in the forest or the built condition (all p < 0.001; see 
Figure 3; Supporting Information S3 and S4 for main effects, effects 
of covariates and effect sizes). Whereas state anxiety, negative affect 
and subjective stress increased or stayed at a constant level in the 
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F I G U R E  3  Forest diversity effects on well-being as compared to a built environment, analysed by mixed ANOVAs. N.sig., not significant; 
pre = preintervention; post = postintervention. *p < 0.05; **p < 0.01; ***p < 0.001. Error bars are 95% confidence intervals. Asterisk or ‘n.sig.’ 
above comparison of built versus forest (upper horizontal line) refers to the least significant comparison, for example *all comparisons are 
significant at the 5% level at least. Forest diversity: low = monoculture, medium = 2 tree species mix, high = 4–5 tree species mix. Dependent 
variables: (a) anxiety, (b) positive affect, (c) negative affect, (d) subjective stress, (e) saliva cortisol, (f) directed attention.
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built control, they decreased after visits to any of the forest conditions 
(Figure 3a,c,d). Positive affect and subjective directed attention either 
decreased or stayed at a constant level in the built control, while 
showing no change or increases for the forest groups (Figure 3b,f).

There was no significant time × environment interaction for saliva 
cortisol (p = 0.41). Only a main effect of time was found with salivary 
cortisol declined in the forest and the built control condition (Figure 3e).

A robust Welch ANOVA and an ANCOVA further showed that 
perceived restorativeness and perceived restorativeness of the 
soundscape were significantly higher in the forest conditions op-
posed to the built control (Supporting Information S3, S5, S6).

Actual forest diversity, by means of tree species richness, how-
ever, was not a significant moderator of any of the aforementioned 
associations. No significant differences were found between the three 
forest conditions for any of the postintervention outcome variables 
(Figure 3a–e). Also perceived restorativeness of the environment and 
perceived restorativeness of the soundscape did not vary as a function 
of forest diversity (Supporting Information S3, S5, S6).

3.2  |  Effects of perceived forest biodiversity

3.2.1  |  Relationship between actual and perceived 
biodiversity and between the five perceived 
biodiversity measures

We found a statistically significant correlation between actual 
and perceived tree species richness (rpolychoric = 0.33, p < 0.001; 

see Figure 4). None of the other perceived biodiversity measures 
varied as a function of actual tree species richness (Supporting 
Information S7).

We also found significant associations among perceived biodi-
versity measures. Items targeting perceived species richness (i.e. 
perceived tree, plant and bird species richness) were moderately cor-
related (Supporting Information S8). While the BEI was weakly cor-
related with perceived tree and plant species richness (Supporting 
Information S8), it was strongly related to perceived overall biodiver-
sity (rs = 0.57; Supporting Information S8).

3.2.2  |  Relationship between perceived 
biodiversity and well-being measures and mediators

We found several significant associations between measures of per-
ceived biodiversity and well-being. Seven out of the nine significant 
correlations were found for the BEI or perceived overall biodiversity 
(Figure 5a–g).

3.3  |  Testing the conceptual framework linking 
biodiversity to mental health and well-being

To test whether forest biodiversity has an indirect effect on short-
term mental health and well-being through stress recovery and at-
tention restoration, we assessed pathways through a SEM. For this, 
we specified a set of (latent) variables and pathways linking these 
variables (see Figure 6 for the final model). Actual forest diversity 
was excluded from the SEM for two reasons: First, no effects of ac-
tual diversity on either the discussed outcome variables or potential 
mediators were found (see Section 3.1). Second, actual tree species 
richness was unrelated to four out of five measures of perceived 
biodiversity. Saliva cortisol and perceived tree, plant and bird spe-
cies richness were excluded from the final model since their inclu-
sion decreased model fit. The final model resulted in the three latent 
variables (i) perceived biodiversity (comprised of perceived overall 
biodiversity, BEI), (ii) perceived restorativeness (comprised of PRS, 
PRSS), (iii) short-term mental ill-health and ill-being (comprised of 
STAI, negative affect), and the three observed variables stress, di-
rected attention and positive affect that were covered by one source 
of information only. We did not include a latent variable containing 
state anxiety and both positive and negative affect, since positive 
affect only weakly loaded onto that factor in a preliminary model. 
Fit indices of the final model indicate rather low (χ2 = 36.65; df = 18, 
p = 0.006 and RMSEA = 0.079 [90% CI 0.041–0.115]), medium 
(CFI = 0.939) to good model fit (SRMR = 0.050; relative χ2 = 2.04; 
Hooper et al., 2008; Hu & Bentler, 1999).

Path coefficients (from left to right and top to bottom ac-
cording to Figure 6) indicate a significant negative relationship 
between perceived biodiversity and subjective stress (β = −0.16, 
SE = 0.07, p = 0.03). This means that as perception of biodiversity 
increased, participants reported less stress. Perceived biodiversity 

F I G U R E  4  Relationship between actual and perceived tree 
species richness. Dots with larger diameters indicate a higher 
frequency of respective perceived tree species richness ratings 
given per forest condition (=actual tree species richness).
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was positively associated with perceived restorativeness (β = 0.40, 
SE = 0.12, p = 0.001), indicating that if people perceived the forest 
patch to be more biodiverse, they also perceived the forest to be 
more restorative. No effect of perceived biodiversity on subjec-
tive directed attention was found (β = 0.05, SE = 0.10, p = 0.58). 
While no relationship was found between subjective stress and 
positive affect (β = −0.06, SE = 0.07, p = 0.38), more subjective 
stress was related to higher levels of momentary mental ill-health 
and ill-being (β = 0.74, SE = 0.28, p = 0.008). Higher perceived 
restorativeness was not associated with increased subjective 
directed attention (β = 0.14, SE = 0.08, p = 0.09). There were, 

however, significant positive associations for both perceived re-
storativeness and subjective directed attention with positive 
affect (PRS: β = 0.17, SE = 0.06, p = 0.004; subjective directed at-
tention: β = 0.17, SE = 0.06, p = 0.003), while negative relationships 
were found between the two constructs and short-term mental ill-
health and ill-being (PRS: β = −0.41, SE = 0.16, p = 0.009; subjective 
directed attention: β = −0.53, SE = 0.15, p < 0.001).

Eight indirect effects were investigated based on the con-
ceptual framework by Marselle et al. (2021); see Table 3). First, 
we tested whether perceived biodiversity indirectly increased (i) 
positive affect and (ii) decreased short-term mental ill-health and 

F I G U R E  5  Relationships between different measures of perceived biodiversity and well-being (scatterplots for significant Spearman's 
correlation coefficients). Depicted correlations: (a) perceived overall biodiversity (pob) - subjective stress, (b) pob - perceived restorativeness 
(PRS), (c) pob - perceived restorativeness of the soundscape (PRSS), (d) Biodiversity Experience Index (BEI) - positive affect, (e) BEI - PRS, (f) 
BEI - PRSS, (g) BEI - directed attention (da), (h) perceived tree species richness - PRSS, (i) perceived bird species richness - da.
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ill-being by reducing subjective stress. The SEM did not support 
these mediations (positive affect: β = 0.01; mental ill-health and 
ill-being: β = −0.12). We then tested the effect of perceived biodi-
versity on (iii) short-term positive affect and (iv) mental ill-health 
and ill-being via perceived restorativeness. The SEM supported 
both indirect effects (positive affect: β = 0.07, p = 0.03; men-
tal ill-health and ill-being: β = −0.16, p = 0.02)—participants who 
perceived their environment as more biodiverse reported more 
positive affect and less short-term mental ill-health and ill-being 
when they also perceived the environment as more restorative. 
Third, we tested the indirect effects of perceived biodiversity on 
(v) positive affect and (vi) short-term mental ill-health and ill-be-
ing via subjective directed attention; no significant mediations 
were found (positive affect: β = 0.01; mental ill-health and ill-be-
ing: β = −0.03). Finally, we tested two multiple mediation effects 
where perceived biodiversity indirectly (vii) increases positive af-
fect and (viii) decreases short-term mental ill-health and ill-being 
via both perceived restorativeness and subjective directed atten-
tion. SEM rejected both indirect effects (positive affect: β = 0.01; 
mental ill-health and ill-being: β = −0.03). In sum, the only evidence 
of an indirect effect of perceived biodiversity on short-term pos-
itive affect and mental ill-health and ill-being was via perceived 
restorativeness.

4  |  DISCUSSION

4.1  |  General discussion

The present study highlights the association between forest diver-
sity and short-term mental health and well-being with a particular 
emphasis on stress recovery and attention restoration as mediating 
pathways. We showed that 20-min visits to a forest compared with a 
built environment improved short-term anxiety, positive affect, neg-
ative affect, subjective stress and subjective attention restoration. 
Saliva cortisol levels, however, declined both in the forest and the 
built control, indicating that—at a physiological level—participants 
relaxed to a comparable extent in both environments. We could not 
ascertain an association of actual tree species richness with a change 
in state anxiety, positive affect, negative affect, subjective stress, 
saliva cortisol and subjective attention restoration. In contrast, 
higher perceived biodiversity was positively correlated with posi-
tive affect, perceived restorativeness and subjective directed atten-
tion, and negatively correlated with subjective stress. SEM further 
revealed that perceived biodiversity indirectly supports short-term 
mental health and well-being by increasing perceived restorative-
ness. Subjective stress and subjective directed attention were not 
found to be mediators in the SEM.

F I G U R E  6  Pathways of biodiversity–health linkages for the fitted structural equation model. Arrows indicate pathways between 
perceived biodiversity, perceived restorativeness, subjective directed attention, subjective stress, positive affect and mental ill-health and 
ill-being. Numbers in boxes represent standardised path coefficients. (A) paths = relationship between perceived biodiversity and mediators, 
(B) paths = relationship between mediators and outcome variables, (C) path = relationship between mediators. Latent and measured 
variables are indicated by ovals and rectangles, respectively—for example, the latent variable perceived biodiversity comprises the two 
measured variables perceived overall biodiversity and the Biodiversity Experience Index. Numbers along the arrows pointing from the latent 
variables to the indicators represent factor loadings (lambda). See Table 3 for indirect effects which are the product of combinations of A, 
B and C paths. PRS, perceived Restorativeness Scale; PRSS, perceived restorativeness soundscape scale—short form. *p < 0.05; **p < 0.01; 
***p < 0.001.
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Our results align with previous studies showing that forests 
are better than built environments in promoting short-term men-
tal health and well-being, subjective stress recovery and attention 
restoration (e.g. Grilli & Sacchelli, 2020; Kotera et al., 2020; Wolf 
et al., 2020). Contrary to our expectations, physiological stress as 
measured by saliva cortisol concentration was equally reduced in all 
participants, regardless of whether they were in the forest or the 
built control. Although there are many studies indicating that visits 
to forests are beneficial for reducing saliva cortisol levels (Antonelli 
et al., 2019), Tyrväinen et al. (2014) also found a significant decline 
of saliva cortisol in both the forest and the built control condition as 
seen in our sample, while other studies found no effect at all (Lee 
et al., 2011; Park et al., 2007). We took baseline samples between 
9:45 AM and 2 PM. According to reference values of saliva cortisol 
concentration in early morning or late afternoon hours (Kirschbaum 
& Hellhammer, 1989), the average preintervention cortisol levels in 
our study tended towards the lower boundary of normal values. It 
is thus possible that our participants already were in a relaxed state 
prior to undertaking the forest (or built) intervention. It is, however, 
also possible that we took the second saliva sample too early. Saliva 
cortisol concentration at the time of taking the sample reflects a 
physiological response to events that took place 20–30 min earlier 
(Kirschbaum & Hellhammer, 1989). Postintervention saliva samples 
in the present study were taken 15 min after the intervention ended, 
potentially capturing participants' physiological state 5–15 min after 
the intervention began. Stress mitigation in the forest might thus 
not yet have unfold its full potential (that might have been detected 
5–10 min later). Future studies may consider collecting salivary corti-
sol 20–30 min following environmental exposure.

No positive well-being effects of tree species richness—both 
actual and perceived—were found. To our best knowledge, Wolf 
et al. (2017) is the only previous experimental study to also inves-
tigate tree species richness effects: The authors compared videos 
showing one or four tree species regarding effects on anxiety, posi-
tive affect and vitality. Lower anxiety and more positive affect were 
registered in the 4-species condition, compared with the single-spe-
cies condition. However, there are two major differences between 
Wolf et al. (2017) and the present study: First, Wolf et al. (2017) did 
not collect pretest measures to assess existing interindividual differ-
ences between subjects at the start of the study. Second, the study 
lacks ecological validity as it was not conducted in situ. As our re-
sults further suggest that the perceived biodiversity measures that 
consider species richness to a lesser extent were the best predictors 
of positive well-being outcomes, we speculate that species richness 
may not be the decisive biodiversity indicator that drives short-term 
mental health and well-being increments in forest settings. This 
might be a consequence of being entirely surrounded by vegetation, 
which may impede the assessment of species richness in forest en-
vironments compared with, for example urban green spaces, open 
grasslands and the like.

Using perceived biodiversity measures, which allow for more 
degrees of freedom when assessing an environment's biodiver-
sity, might be more eligible when addressing biodiversity–health TA
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linkages than items with setting-specific response options (Marselle 
et al., 2015). Such options, as those designed by Fuller et al. (2007), 
seek to align ecological survey data with people's perception by ask-
ing for numerical estimations of the species richness present in an 
environment. We therefore created the item of perceived overall 
biodiversity; that is, participants just had to state how biodiverse 
they thought the environment was. In addition, we assessed the 
BEI that combines perceived plant and animal species richness 
with estimates of how wild and varied participants experience an 
environment. Response options range from ‘a little’ to ‘much’, thus 
avoiding numerical classification. In fact, neither perceived overall 
biodiversity nor the BEI significantly aligned with actual tree species 
richness. In addition, no significant associations between perceived 
overall biodiversity and any of the perceived species richness vari-
ables were found, while the BEI only weakly aligned with perceived 
tree and plant species richness. Simultaneously, we found a strong 
link between perceived overall biodiversity and the BEI. This sug-
gests that BEI items addressing perceived structural diversity (‘wild’ 
and ‘varied’) may have been more important than those targeting 
perceived species richness. As a consequence, one may argue that 
it is a combination of structural aspects of biodiversity such as veg-
etation layers together with resulting perceptual properties such 
as variations in colour, different light patterns as well as scents or 
sounds that is crucial when investigating effects of biodiversity on 
short-term mental health and well-being. Indeed, several other stud-
ies directly or indirectly support this assumption (Carrus et al., 2015; 
Johansson et al., 2014; Lee et al., 2018; Meyer-Grandbastien 
et al., 2020; Schebella et al., 2019; Simkin et al., 2020). Schebella 
et al. (2019), for example, reported significant positive associations 
between actual structural heterogeneity and habitat diversity with 
mental well-being, subjective stress and subjective attention/con-
centration. Additionally, Meyer-Grandbastien et al. (2020) found a 
positive relationship between both actual landscape heterogeneity 
(i.e. complex spatial arrangements) and perceived landscape diver-
sity and mental well-being. Interestingly, the majority of studies that 
found an effect of actual forest biodiversity on mental health or 
well-being also considered structural diversity (through, e.g. vege-
tation layers and types, stand age class distribution or successional 
stages) when selecting their study sites (Johansson et al., 2014; Lee 
et al., 2018; Simkin et al., 2020), which could be seen as corroborat-
ing evidence highlighting the importance of forest structural diver-
sity for human well-being.

With our findings from SEM, we partially align with assumptions 
made in the conceptual framework by Marselle et al. (2021). As sug-
gested by the framework, we found a significant indirect effect of 
perceived biodiversity on short-term mental health and well-being 
via perceived restorativeness. That is, higher perceived biodiversity 
indirectly improved short-term positive affect and reduced short-
term mental ill-health and ill-being in participants who perceived 
their environment and soundscape as more restorative. Our find-
ings are in line with previous work that tested the indirect link be-
tween biodiversity and mental well-being (Carrus et al., 2015; Fisher 
et al., 2021; Marselle et al., 2016; Nghiem et al., 2021) or mental 

health in particular (Fisher et al., 2021). This is of relevance, not only 
because one in 10 persons worldwide suffers from a psychological 
condition (World Health Organization, 2019) but also due to the 
immense economic burden through direct and indirect costs aris-
ing from treatment and revenue loss (Trautmann et al., 2016). Our 
findings diverge from assumptions made by the conceptual frame-
work (Marselle et al., 2021) and theories of SRT (Ulrich, 1983; Ulrich 
et al., 1991) and ART (Kaplan, 1995) because perceived biodiversity 
did not indirectly promote short-term mental health and well-being 
through (i) fostering a more pronounced recovery from subjective 
stress, (ii) increasing subjective directed attention or (iii) increasing 
both perceived restorativeness and subjective directed attention.

Theories of restorative environments such as SRT or ART as-
sume that for an environment to be restorative, people would have 
to be in need for restoration (i.e. stressed or depleted in attentional 
capacities) beforehand (Hartig, 2011). However, as we did not in-
duce mental fatigue or stress, it could be stated that our participants 
were not in need of restoration. In addition, perceived restorative-
ness needs to be better understood with regard to its intermediate 
character in linking biodiversity to directed attention. Even though 
previous research confirmed links between perceived restorative-
ness and directed attention (Barbiero et al., 2021; Berto, 2005), no 
such association was found in our SEM. As such, perceived restor-
ativeness might not just be a necessary precondition for attention 
restoration, but may also function as a standalone feature of nature 
exposure that serves as a predictor for mental health and well-be-
ing in itself. Results from Carrus et al. (2015), Marselle et al. (2016), 
Fisher et al. (2021), Nghiem et al. (2021), all found that perceived 
restorativeness mediated the relationship between biodiversity and 
mental health and well-being, providing empirical evidence enforc-
ing perceived restorativeness as an independent mediator. More 
research specifically addressing the mechanistic link between per-
ceived restorativeness and directed attention is needed. Ideally, 
directed attention would then be operationalised in a multifaceted 
manner through, for example a combined assessment of subjective 
directed attention, behavioural measures such as cognitive tests that 
ideally separate several attentional subdomains (e.g. the Attention 
Network Test; Fan et al., 2002) and (neuro-) physiological correlates 
of these domains (e.g. event-related potentials).

4.2  |  Outlook and future studies

We could show that the mere presence of a forest and perceived 
forest diversity exert positive effects on well-being indicators, but 
that tree species diversity did not. With a total of 223 participants, 
the present study constitutes one of the biggest experimental for-
est intervention studies to date (cf. Kotera et al., 2020). We chose a 
between-subjects design allowing us to control for many obstacles 
that are inherent to environmental psychological field experiments 
(e.g. parallel testing of participants in each plot to account for the ef-
fects of alternating weather conditions). To further increase statisti-
cal power, future studies could strive for applying a within-subjects 
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design (i.e. all participants being exposed to all experimental condi-
tions; see, e.g. Johansson et al., 2014; Simkin et al., 2020). This could 
be achieved by further (possibly global) multicentre studies using an 
agreed-upon, highly controlled study design.

To enhance testing for possible associations of biodiversity and 
mental health and well-being, future studies could also induce men-
tal fatigue activities prior to testing SRT and ART by exposing partic-
ipants to a potentially stressful and cognitively demanding task prior 
to the experiment. As stated by Stevenson et al. (2018), a validity 
check of successful mental fatigue induction is recommended as 
the mere assumption of successful induction through, for example 
testing students during their examination phase neglects interindi-
vidual differences in coping with natural stressors and by doing so 
potentially contributes to the heterogeneity of results when investi-
gating restorative effects of nature or biodiversity. More research is 
needed, specifically targeting the reconciliation of theory (i.e. ART) 
and practice (i.e. eligible attentional subdomains sensitive to restor-
ative environments and the selection of respective attentional tests 
to induce mental fatigue and measure directed attention, Stevenson 
et al., 2018).

A second outlook points to the focus on species richness as 
a proxy for forest biodiversity. Tree species richness is the total 
number of tree species in a defined area, but variations in stand 
age, forest architecture or structure, as indicated by the variables 
‘wild’ and ‘varied’ of the BEI, may be important in addition to spe-
cies richness. Another potential issue relates to species identity 
effects, i.e. people's psychological responses to certain species 
and its specific set of traits (An et al., 2019; Elsadek et al., 2019; 
Guan et al., 2017; Sivarajah et al., 2018). To account for differ-
ences, we selected a different monoculture species in each of the 
three forests that may compensate for potential identity effects. 
Future studies should take this into account and vary species 
where possible.

In addition, the field could benefit from more equivalence and 
follow-up trials. Equivalence trials test the effectiveness of an in-
tervention compared with already well-established treatment pro-
cedures or protocols. McEwan et al. (2021), for example, compared 
forest bathing to compassionate mind training and a combination 
of forest bathing and compassionate mind training and found that 
mental well-being improved in participants from all three condi-
tions, thus showing that forest bathing is as effective in promoting 
well-being as an established well-being intervention. Follow-up 
trials would have the great benefit of mirroring dynamics in men-
tal health and well-being in the long-term, as both constructs are 
considered conceptually and temporarily stable. More longitudinal 
studies using long-term mental health and well-being measures such 
as the Mental Health Inventory (MHI-5; Berwick et al., 1991) or the 
Warwick-Edinburgh Mental Wellbeing Scale (WEMWBS; Tennant 
et al., 2007) are hence of utmost importance.

Recently, positive forest diversity effects have been shown 
for several other health-related outcomes, such as thermal com-
fort (Gillerot et al., 2022; Gillerot et al., 2024), the productivity of 

mushrooms that provide health-relevant nutrients (Stojek et al., 
2022), the prevalence of tick-borne pathogens (Bourdin et al., 2022) 
or particulate matter retention (Steinparzer et al., 2022). Future 
studies may thus emphasise synergetic effects between different 
aspects of health. For instance, Gillerot et al. (2024) found an inter-
action between mental and thermal well-being in forests; that is, the 
better forest visitors felt mentally, the greater the thermal comfort 
they stated and vice versa.

5  |  CONCLUSION

Our findings highlight that 20-min stays in a forest can promote 
short-term mental health and well-being. These relatively short for-
est visits fostered subjective stress recovery and increased subjec-
tive directed attention as well as perceived restorativeness. This 
effect was irrespective of tree species richness. Importantly, per-
ceived forest biodiversity indirectly promoted short-term mental 
health and well-being by increasing perceived restorativeness. As 
we could—in our study—not find an association between actual tree 
species richness and short-term mental health and well-being, re-
storative effects also seem to be offered by currently less diverse 
forests; that is, forests can be managed for different purposes and 
still provide restorative environments, when accessible, while per-
ceived biodiversity also played a role. Here, a deeper investigation of 
the drivers of perceived biodiversity, such as structure or perceived 
‘wildness’ and ‘variation’ in biodiversity experiences, will be benefi-
cial to further understand and promote biodiversity-mental health 
linkages.

In the face of the multiple crises of climate change, biodiversity 
loss and health deterioration, promoting the conservation and res-
toration of forests may not only contribute to climate change miti-
gation and adaptation but also provide beneficial effects for human 
mental health and well-being as a nature-based solution. Overall, 
our findings contribute to the growing body of evidence of biodi-
versity–health linkages. We recommend public health programmes 
to encourage visits to forests as proactive health measures and also 
to conserve old-growth pristine forests while restoring and planting 
new forests to secure and enhance healthy, liveable environments 
as contribution to our planetary health in an increasingly urbanised 
world.
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