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Abstract

Large populations worldwide have been deprived from nature experiences due to mass quarantines and lockdowns during the
COVID-19 pandemic, and face a looming mental health crisis. Virtual reality offers a safe and practical solution to increase
nature exposure. This research examined the effects of virtual nature using a within-subject design with young adults (Study
1) and senior citizens (Study 2). Results from the young adult sample showed that walking in a virtual forest reduced nega-
tive affect due to enhanced nature connectedness, and reduced stress measured by heart rate. Consistently, the senior citizen
sample reported improved positive affect due to enhanced nature connectedness after the virtual nature walk. Our findings
unveil the underlying mechanism of how virtual nature may improve psychological well-being and demonstrated how virtual

nature can be used as an intervention to promote mental health.
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1 Introduction

As the world grapples with the COVID-19 public health
emergency, a mental health crisis is emerging (The Lancet
Infectious Diseases 2020). Increased rates of psychological
distress have been reported worldwide, including Italy (Moc-
cia et al. 2020), China (Li et al. 2020), New Zealand (Sibley
et al. 2020), South Korea (Lee et al. 2021), France (Bourdil-
lon et al. 2020), and UK (White and Van Der Boor 2020).
While mass quarantines and social distancing policies have
shown success in containing the virus (Kharroubi and Saleh
2020; Tang et al. 2020), they have also reduced nature expo-
sure by limiting residents’ access to parks and green space
(Slater et al. 2020). Responses from over 5000 people from
nine different countries show that reduced nature exposure

P< Lin Qiu
lingiu@ntu.edu.sg

Division of Psychology, School of Social Sciences, Nanyang
Technological University, Singapore, Singapore

Global Asia, Interdisciplinary Graduate School, Nanyang
Technological University, Singapore, Singapore

Division of Social Science, The Hong Kong University
of Science and Technology, Clear Water Bay, Kowloon,
Hong Kong

Nanyang Technological University, Singapore, Singapore

was related to increased likelihood of experiencing anxiety
and depression during lockdowns (Pouso et al. 2021). This
calls for novel means to increase nature exposure and pro-
mote mental health during the pandemic.

Virtual reality (VR) has shown to be an effective tool
to address mental health issues like depression, pain, stress
and phobias (Matamala-Gomez et al. 2021; Park et al. 2019;
Robillard et al. 2003). Through VR, users can be immersed
in a virtual environment and experience the sense of actu-
ally being there (Slater 2018). Being in a virtual natural
environment enables relaxation and enhances resistance to
stress which can alleviate symptoms of anxiety and depres-
sion (Liszio and Masuch 2019; White et al. 2018). Scholars
have proposed to use natural environments in VR to alleviate
symptoms of anxiety and depression (White et al. 2018), and
promote relaxation to overcome the psychological burden of
the Coronavirus (Riva et al. 2020).

Recently, VR technologies have become increasingly
affordable and widely adopted. VR is particularly attrac-
tive to young people because of its cutting-edge technology
and immersive experiences (Rogers 2018). The popular VR
gaming platform Steam reported 2.9 million monthly con-
nected VR users in April 2021, representing a 110% year-
on-year increase (Lang 2021). Seniors can also successfully
use VR (Cherniack 2011; Huygelier et al. 2019; Kothgassner
et al. 2018), and have been found to benefit from vestibular
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rehabilitation (Micarelli et al. 2019) and memory training
(Optale et al. 2010) through head-mounted immersive VR.
Given that seniors often face safety and mobility barriers
to visit natural environments (Satariano et al. 2012; Wen
et al. 2018), and that these concerns are exacerbated during
the pandemic due to their bio-psychosocial vulnerabilities
(Banerjee 2020), they are in strong need of a safe alternative
method for accessing nature.

Based on the above-commented literature about the
potential of using VR to provide nature exposure, this study
seeks to investigate if virtual natural environments can pro-
mote mental health by improving mood and reducing stress.
We conducted two studies, one with young adults and one
with senior citizens. We collected both self-report and physi-
ological data, and found beneficial effects of virtual nature
across both samples. Our findings provide strong empirical
evidence that supports the use of virtual natural environ-
ments to promote mental health.

1.1 Effects of nature exposure on emotional
well-being

Research on the psychological effects of nature exposure has
largely stemmed from the biophilia hypothesis (Kellert and
Wilson 1993; Wilson 1984), stress recovery theory (SRT;
Ulrich 1983; Ulrich et al. 1991) and attention restoration
theory (ART; Kaplan and Kaplan 1989; Kaplan 1995). The
biophilia hypothesis puts forward the notion that humans
have an innate tendency to affiliate with the natural world as
a result of our biocultural evolution (Kellert 1997). Experi-
encing this affiliation with nature can fulfill important psy-
chological needs and improve well-being (Kellert 1997).
Meanwhile, the SRT emphasizes that natural environments
reduce stress by eliciting positive emotional states and low-
ering physiological arousal. The theory argues that these
outcomes are a product of humans’ evolutionary past that
has resulted in predisposed responses to cues (e.g., vegeta-
tion) that once signaled better survival (Ulrich 1983; Ulrich
et al. 1991). The ART posits that natural environments
can restore the depletion of directed attention, a cognitive
resource that is typically depleted in urban environments
(Kaplan and Kaplan 1989; Kaplan 1995). The theories are
considered complementary rather than contradictory to each
other (Berto 2014; Bratman et al. 2012).

In support of these theories, studies have consistently
shown that exposure to nature exerts positive effects on
emotion and stress across a diverse range of natural settings
(for reviews, see Berto 2014; McMahan and Estes 2015;
Mygind et al. 2019). The relationship between nature expo-
sure and improved emotional well-being has been found in
both correlational (e.g., Bertram and Rehdanz 2015; White
et al. 2013), and experimental studies (e.g., Berman et al.
2008; Hartig et al. 1991). For example, a 50-min walk in a
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nature grassland park decreased anxiety and negative affect
compared to a walk along a busy main street (Bratman et al.
2015). A meta-analysis conducted by McMahan and Estes
(2015) reported that nature exposure had a moderate effect
size on positive affect (r=0.31) and a smaller but still sig-
nificant effect size on negative affect (r=—0.12). Moreo-
ver, compared to urban environments, natural environments
lower stress levels in self-report data (e.g., Bratman et al.
2015), physiological indicators like cardiovascular activity,
salivary cortisol levels, and skin conductance levels (e.g.,
Annerstedt et al. 2013; Park et al. 2010; Valtchanov and
Ellard 2010), and neurological measures (e.g., Kim et al.
2010).

Nature-based interventions such as garden visits have
shown efficacy in promoting well-being in healthcare
(Ulrich 1984, 2002). However, such interventions are dif-
ficult to implement due to movement restrictions that limit
access to parks and other natural environments (Slater et al.
2020). Nature exposure in VR offers a feasible alternative
that is appealing to the young population who tend to prefer
digital media to spending leisure time outdoors (Pergams
and Zaradic 2006). Moreover, it is particularly suitable for
the senior population who should avoid going out due to
their bio-psychosocial vulnerabilities during the pandemic
(Banerjee 2020).

1.2 Virtual nature

Past research has examined how viewing computer-mediated
forms of nature through slide shows of images (e.g., Berman
et al. 2008; Gladwell et al. 2012) or videos (e.g., Mayer et al.
2009; van den Berg et al. 2003) affect physio-psychological
processes. For example, heart rate variability increased sig-
nificantly following the viewing of nature images compared
to urban images (Gladwell et al. 2012), and better mood
has been found after watching video recordings of a walk
through a forest compared to a walk through a street with
houses and shops (van den Berg et al. 2003). The purposes
of these studies were to examine the effects of actual nature
in well-controlled experimental settings, avoiding confound-
ing variables that are difficult to control in field studies. In
contrast, our study focused on nature experiences in VR
which is much more engaging and immersive than other
computer-mediated forms.

Only a handful of studies have examined the effects of
natural environments in immersive VR with a head-mounted
display. Valtchanov et al. (2010) found that after completing
a mentally stressful task, participants who freely explored a
virtual forest via a wireless mouse reported improved affect
and reduced physiological and self-reported stress, com-
pared to those who watched a slideshow of abstract paint-
ings. In another study, Valtchanov and Ellard (2010) again
exposed participants to a mental stressor task before letting
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them freely explore one of three conditions via a wireless
mouse: a virtual island with nature sounds, a virtual urban
center with city noise, or a geometric environment that did
not feature any accompanying sounds except participants’
virtual footsteps. Participants in the nature condition dis-
played improved affect and decreased self-reported and
physiological stress levels compared to those in the other
two conditions. Using 360° video recordings of actual nat-
ural and urban environments, Yu et al. (2018) found that
participants reported more positive psychological outcomes
following the nature VR, while they reported more negative
psychological outcomes following the urban VR.

The above studies all used VR technologies that are out-
dated. In addition, they mainly asked participants to either
passively view or use a mouse to navigate nature scenes.
Our study used the current VR technology which allowed
participants to actually walk in the physical world to control
their navigation in the VR. In addition, we are the first to
measure the effects of virtual nature on both young adults
and senior citizens, increasing the validity of our findings.
Finally, previous studies did not examine the underlying
mechanism of why virtual natural environments improve
emotional states, while our study tested the mediating role
of nature connectedness to uncover why virtual nature could
improve well-being.

1.3 The role of nature connectedness

Nature connectedness refers to one’s subjective sense of feel-
ing connected to the natural world. It has been proposed as
the reason why nature exposure leads to better mood (Kellert
1997; Mayer et al. 2009). Researchers have viewed nature
connectedness as a stable trait-like characteristic as well as a
state-level variable. Considered as a trait, nature connected-
ness has been shown to predict the amount of time spent in
natural environments (Cheng and Monroe 2012; Nisbet et al.
2009), hedonic well-being (Capaldi et al. 2014), eudaimonic
well-being (Pritchard et al. 2020), and pro-environmental
attitudes (Davis et al. 2009; Hoot and Friedman 2011). Con-
sidered as a state-level variable, nature connectedness has
been found to vary with nature exposure (e.g., Mayer et al.
2009; Weinstein et al. 2009; Wyles et al. 2017). For exam-
ple, participants’ nature connectedness was increased after
viewing pictures of nature scenes compared to urban scenes
(Weinstein et al. 2009). Walking in a natural environment or
watching a nature video increased connectedness to nature
and positive affect, compared to a corresponding urban one
(Mayer et al. 2009). Nature connectedness was also found to
vary according to the type of natural exposure—with higher
nature connectedness reported after visits to natural environ-
ments with national designated status, compared to those
without such a status (Wyles et al. 2017).

While past research has shown nature exposure may affect
nature connectedness, no study has examined how virtual
natural environments may affect connectedness to actual
nature. Following existing research, we hypothesized that
virtual nature would increase connectedness to actual nature.
However, it is possible that virtual natural environments may
not have an effect, since the nature in VR is composed using
computer-generated graphics and simulations, which differs
from replicas of real nature in pictures and videos.

2 Presentresearch

The present research examined the effects of virtual nature
on affect and stress. It further examined if the effects on
affect were due to improved connectedness to actual nature.
We first conducted a pilot study to ensure that our virtual
nature and urban scenes were comparable in terms of pres-
ence, complexity and openness. Then, we conducted two
studies, one with young adults (Study 1) and one with senior
citizens (Study 2). In both studies, we used a within-subject
design where each participant experienced the nature and
urban scene on two separate days respectively. We collected
participants’ self-report and cardiovascular responses. All
study protocols were approved by the University ethics com-
mittee (IRB-2018-05-053-01), and informed consent was
obtained from all participants.

2.1 Virtual environments

We developed a nature and urban VR environment using
the Unity platform (version 2017.2.0f3). In the nature envi-
ronment, participants walked along a path between trees in
a forest with the sound of light wind, while in the urban
environment, participants walked along a path between
buildings in a downtown area with the sound of white
noise (see Fig. 1). Demo videos of the VR scenes are avail-
able online—nature condition: https://www.youtube.com/
watch?v=Ywo3Jbuh8fg; urban condition: https://www.
youtube.com/watch?v=58cxsx5-9ql. Both environments
were devoid of features that were found to influence emo-
tional well-being, including humans, animals, water, bird
sounds, and traffic (Grahn and Stigsdotter 2010; Ratcliffe
et al. 2013). We also kept the features and movement in the
two environments as consistent as possible. For example,
in both environments, participants saw the same blue sky
color. They could only walk straight along a path with the
same length and width, and they were told that the scene
took place in the early morning.

Participants experienced both environments by wear-
ing HTC’s VIVE Pro head-mounted device with full audi-
tory and visual immersion. Given that VR may induce
symptoms resembling motion sickness (Rebenitsch and
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Fig. 1 Screen capture of nature condition (left) and urban condition (right)

Owen 2016), and the synchronization of users’ body move-
ment and their visual senses can reduce motion sickness
(Llorach et al. 2014; Ng et al. 2019), we developed a pro-
gram to track the movement of the two wireless controllers
so that participants can move the controllers up and down
to step forward in VR. For young adults, they walked on
the spot while holding onto fixed handle bars with con-
trollers attached to their legs via knee pads (see Fig. 2).
In Study 2, the majority of our senior participants had
difficulty walking. Therefore, all participants used their

hands to move the controllers up and down, while remain-
ing seated (see Fig. 2). In both studies, an experimenter
first demonstrated the action required (walking on the spot
in Study 1; moving hands up and down in Study 2) for
participants to imitate. Participants gave verbal consent
that they understood the action required, before the experi-
menter put on the VR headset. Participants were reminded
that they could inform the experimenter at any point in
time to end the experiment should they feel uncomfort-
able. An empty room with a grid path on the floor was

Fig.2 Walking on the spot while holding onto fixed handlebars for young adults in Study 1 (left) and moving hands up and down for senior citi-

zens in Study 2 (right)
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developed for participants to practice walking before they
experienced the actual experimental environments.

3 Pilot study

A within-subject design was employed with participants
experiencing both condition (nature vs. urban). We meas-
ured and compared participants’ sense of presence and
perceived complexity, openness, and interest of the virtual
nature and urban environments. We expected that these vari-
ables will be comparable in both environments.

3.1 Participants and procedures

Twelve undergraduate students were recruited from a large
university in Singapore (females =6, age: mean =22.6,
SD =1.3) for the pilot study. Participants were paid S$30
for their participation. They came to two laboratory ses-
sions, with one or two days in between. In each session,
participants experienced walking in either the virtual nature
or urban environment for 4 min, and completed a survey
assessing their perceptions of the environment afterward.
The order of VR conditions was counter-balanced across
participants.

3.2 Measures

We used the 14-item igroup presence questionnaire (IPQ;
Schubert et al. 2001) to measure the degree of presence
in our VR environments. The IPQ consists of three sub-
scales—spatial presence (¢=0.51; e.g., “I felt present in the
virtual space”; 1 =fully disagree, 7 =fully agree), involve-
ment (x=0.72; e.g., “I was not aware of my real environ-
ment”; 1 =fully disagree, 7=fully agree), experienced real-
ism (a=0.74; e.g., “How real did the virtual world seem
to you?”’; 1 =completely real, 7=not real at all), and an
additional general item measuring a sense of “being there”
(1 =fully disagree, 7=fully agree).

Following Lindal and Hartig (2013), participants were
asked to rate the VR environment on an 11-point scale
for the degree of complexity (1 =simple, 11=complex),
and sense of being enclosed (1 =enclosed, 11 =open). An
additional item on interest was also included (1 =boring,
11 =interesting).

3.3 Results

Paired samples 7 tests revealed no differences between the
nature and urban environment for spatial presence, involve-
ment, experienced realism, sense of “being there,” perceived
complexity, enclosure, and interest (all p > 0.15). This sug-
gests that the nature and urban VR environments were com-
parable on these key variables that assess various qualities of
environments. Descriptive statistics are reported in Table 1.

4 Study 1

In this study, we recruited young adults and used a within-
subject design with two within-subject factors—condition
(nature vs. urban) and time (for self-report measures: pre-
VR vs. post-VR; for cardiovascular activity: baseline vs. VR
task). We hypothesized that the nature condition increases
positive affect (H1) and decreases negative affect (H2) com-
pared to the urban condition. We further hypothesized that
the relationship between nature exposure and positive affect
will be mediated by nature connectedness (H3), and simi-
larly that the relationship between nature exposure and nega-
tive affect will be mediated by nature connectedness (H4).
In addition, we expected that the nature condition would
be associated with a lower level of stress measured by car-
diovascular activity compared to the urban condition (HS).

4.1 Participants and procedures

Based on the effect size of r=0.26 between exposure to
simulated nature and positive affect in a meta-analysis study

Table 1 Descriptive statistics

. o Nature Urban Mean difference, 95% CI, p, Cohen's d

for dependent variables in pilot

study Mean (SD) Mean (SD)
Spatial presence 4.15 (0.93) 4.68 (0.87) —0.53 [-1.30,0.23], p=0.15,d=-0.44
Involvement 3.94 (1.55) 4.00 (1.11) —0.06 [—1.45, 1.32], p=0.92, d=—-0.03
Experienced realism 3.52(1.15) 3.54(1.22) —0.02 [-1.00, 0.96], p=0.96, d=-0.01
“Being there” 4.17 (1.64) 4.50 (1.62) —0.33[-1.61,0.95], p=0.58, d=-0.17
Complexity 5.50 (3.03) 5.75 (2.56) —0.25[-2.55,2.05], p=0.82, d=-0.07
Enclosure 6.25 (3.67) 6.92 (2.94) —0.67[-3.94,2.61], p=0.66, d=—-0.13
Interest 8.00 (3.64) 8.08 (2.58) —0.08 [-2.57,2.41], p=0.94, d=-0.02

Spatial presence, involvement, experienced realism and “being there” were measured on a 7-point scale.
Complexity, enclosure, and interest were measured on an 11-point scale
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(McMahan and Estes 2015), a power analysis performed
with G*Power 3.1 (Faul et al. 2009) for alpha=0.05 and
power =0.80 indicated a sample size estimate of n=22 for
a within-subject comparison. A total of 30 undergraduate
students from a large university in Singapore (females =21;
age: mean =20.5, SD=1.5) participated in exchange for
course credits. Participants were told that the study was
interested in examining perception in VR. About half of
the participants (56.7%) had never tried VR with a head-
mounted device prior to the experiment.

Participants experienced the nature and urban environ-
ments with one week in-between, and the order was coun-
ter-balanced. During each session, participants completed a
pre-test survey, a VR task, and a post-test survey. Cardio-
vascular activity—commonly used in previous studies as a
physiological measure of stress (Haluza et al. 2014; Mygind
et al. 2019)—was measured continuously with a portable
electrocardiogram (ECG) device from BITalino (https://bital
ino.com/en/) with disposable electrodes attached under par-
ticipants’ right and left collarbones, and lower left ribcage at
a sampling rate of 1000 Hz. The use of ECG measurements
has been shown to be a valid reflection of participants’ phys-
iological states in virtual environments (Guger et al. 2004).
From the ECG recordings, heart rate and heart rate vari-
ability were extracted. During the VR task, participants first
walked in the virtual practice room for two minutes and then
were transported into the target condition for a five-minute
walk. We chose a five-minute duration because past research
has shown that five-minute viewing of nature scenes is suf-
ficient to induce positive physiological change (Brown et al.
2013; Gladwell et al. 2012).

4.2 Measures
4.2.1 Positive and negative affect

The positive and negative affect schedule (PANAS; Watson
et al. 1988) was used to examine affect. The scale consists
of ten items that measure positive affect (e.g., interested,
excited; pre-test @ =0.85, post-test  =0.90) and another
ten items that measure negative affect (e.g., upset, hostile;
pre-test a=0.89, post-test «=0.92). Participants indicated
the extent they felt each emotion on a 5-point Likert scale
(1 =very slightly or not at all, 5 =extremely).

4.2.2 Nature connectedness

The connectedness to nature scale (CNS; Mayer and Frantz
2004; Mayer et al. 2009) measures the extent that an indi-
vidual feels connected to the physical natural world. We
used the 13-item state version that assesses state level nature
connectedness (pre-test a =0.89, post-test a=0.91). Sam-
ple items are “Right now, I feel as though I belong to the
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earth just as much as it belongs to me,” “Right now, I am
feeling deeply aware of how my actions affect the natural
world,” and “Right now, I feel that all inhabitants of earth,
human and nonhuman, share a common life force.” Partici-
pants indicated their extent of agreement with each item
on a 7-point Likert scale (1 =strongly disagree, 7 =strongly
agree).

4.2.3 Cardiovascular activity

Using customized algorithms generated with the Python
programming software (Bizzego et al. 2019; Gabrieli et al.
2020), ECG data were first preprocessed with the applica-
tion of one high-pass filter and one low-pass filter to clear
noise in the signal. R peaks were then detected and used to
determine the inter-beat interval (IBI)—the time between
two successive R peaks (Task Force of the European Soci-
ety of Cardiology and North American Society of Pacing
and Electrophysiology 1996). Heart rate as measured by IBI
has been used in previous studies examining the effects of
nature exposure on physiological response, with a higher IBI
reflecting lower stress levels (Park et al. 2010; Ulrich et al.
1991). From IBI, the root mean square of successive dif-
ferences (RMSSD) was computed. RMSSD is a commonly
used time-domain measure of heart rate variability that
reflects parasympathetic activation (Task Force of the Euro-
pean Society of Cardiology and North American Society of
Pacing and Electrophysiology 1996). The parasympathetic
branch of the autonomic nervous system regulates relaxa-
tion and restoration of the human body (Andreassi 2010).
A higher RMSSD corresponds to a calmer state (Delaney
and Brodie 2000).

4.2.4 Prior VR experience, discomfort, and demographics

We asked participants to indicate if they had any prior VR
experience before the study (0 =no, 1 =yes), and their age
and gender at the end of the study. An additional item was
included in the post-test survey asking participants to rate
their level of discomfort from 1 =very slightly or not at all,
to 5 =extremely. None of the participants reported feel-
ing unwell after the VR tasks, and the ratings of post-VR
discomfort was low (nature: M =1.43, SD=0.73; urban:
M=1.57,SD=0.77).

4.3 Results

Shapiro—Wilk tests for normality showed that the data for
positive affect and nature connectedness were normally
distributed, but the data for negative affect was not nor-
mally distributed. We conducted a 2 (time: pre-VR vs. post-
VR) X 2 (condition: nature vs. urban) repeated measures
analysis of variance (ANOVA) for positive affect and nature
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connectedness. Planned paired ¢ tests were then run to test
the simple effects of time in each condition. For negative
affect, we performed the nonparametric Friedman’s test with
follow-up Wilcoxon signed rank tests to examine the effect
of time in each condition. In addition, we tested if there was
any effect of prior VR experience by including this variable
as a between-subject factor in a mixed factorial ANOVA for
each of the aforementioned variables. No main or interac-
tion effects were found for prior VR experience (all p>0.05;
further details provided in Online Resource 1).

4.3.1 Positive affect

For positive affect, there was no main effect of time, F(1,
29)=0.77,p=0.39, '7p2 =0.03, and no main effect of condi-
tion, F(1, 29)=2.01, p=0.17, npz =0.06. This was quali-
fied by a significant time-by-condition interaction, F(1,
29)=5.74, p=0.02, np2 =0.17. In support of Hypothesis 1,
there were no significant changes in positive affect after the
nature condition, but positive affect significantly decreased
following the urban condition (see Table 2).

4.3.2 Negative affect

Friedman’s test indicated that there were significant dif-
ferences in negative affect for conditions at the two time
points, ;(2(3)= 17.01, p=0.001. As shown in Table 2,
Wilcoxon tests showed that negative affect significantly
decreased in the nature condition (pre-VR median=1.30,
post-VR median = 1.10), while it did not significantly change
in the urban condition (pre-VR median=1.45, post-VR
median = 1.20). Thus, Hypothesis 2 is supported.

4.3.3 Nature connectedness
There was a main effect of time, F(1, 29)=6.92, p=0.01,

np2 =0.19, and condition, F(1, 29)=10.91, p=0.003,
np2 =0.27, for nature connectedness. This was qualified by

a significant time-by-condition interaction, F(1, 29) =12.85,
p=0.001, 17p2=0.31. As predicted, nature connectedness
was significantly greater after the nature condition but did
not change following the urban condition (see Table 2).

4.3.4 Mediation of nature connectedness

To test if nature connectedness mediated the association
between condition and positive affect, we conducted a two-
condition within-participant statistical mediation analysis
with 10,000 bootstraps using the MEMORE (MEdiation and
MOderation analysis for REpeated measures design) macro
in SPSS (Montoya and Hayes 2017). Compared to the casual
steps approach to mediation analysis that rely on a series of
tests (Baron and Kenny 1986; Judd et al. 2001), MEMORE
uses a path-analytic approach to estimate the two pathways
from IV to DV—direct and indirect (Hayes 2013; Montoya
and Hayes 2017). The total effect of IV on DV (i.e., result
from a simple regression of IV on DV) is the sum of direct
and indirect effects, and does not need to be statistically
significant in order for mediation to be tested (Hayes 2009;
Shrout and Bolger 2002). Mediation is assessed by a single
test of the indirect effect (Hayes and Scharkow 2013)—con-
fidence intervals (CI) that do not contain zero imply that
mediation has taken place. We examined the direct and indi-
rect pathways from condition (IV) to changes in positive
affect (DV), as measured by post-test score minus pre-test
score. The change in nature connectedness, measured as
post-test score minus pre-test score, served as the poten-
tial mediator. Condition significantly predicted change in
nature connectedness, b=0.60, #(29)=3.58, p=0.001, 95%
confidence intervals, CI 0.26, 0.94. However, the indirect
effect failed to reach statistical significance (b=0.19, boot-
strapped SE=0.12, bootstrapped 95% confidence intervals,
CI —0.09, 0.42), suggesting that nature connectedness did
not mediate the relationship between condition and posi-
tive affect. Therefore, Hypothesis 3 was not supported. The
same analysis was repeated for negative affect. Results of

Table 2 Descriptive statistics
for Study 1 self-report measures
as a function of time and

condition

Mean (SD) Simple effects
Pre-VR Post— VR Test statistic, p, effect size
Nature
Positive affect 2.60 (0.71) 2.68 (0.86) 1(29)=0.79, p=0.44, d=0.14
Negative affect 1.54 (0.58) 1.32 (0.54) Z=-2.73,p=0.01,r=-0.35
Nature connectedness 4.27 (1.03) 4.83 (1.05) 1(29)=3.91, p<0.001, d=0.71
Urban
Positive affect 2.59 (0.56) 2.38 (0.69) 1(29)=-2.29, p=0.03, d=-0.42
Negative affect 1.59 (0.63) 1.43 (0.53) Z=-1.74,p=0.08, r=—0.23
Nature connectedness 4.12 (0.96) 4.08 (1.07) 1(29)=-0.36, p=0.72, d=-0.07

The simple effect of time is reported for each row. Results from paired ¢ tests are reported for positive affect
and nature connectedness. Results from Wilcoxon signed ranks tests are reported for negative affect
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the mediation analysis are shown in Fig. 3. The indirect
effect was statistically significant (b= —0.18, bootstrapped
SE=0.09, bootstrapped 95% confidence intervals, CI —0.37,
—0.02), suggesting that nature connectedness mediated the
relationship between condition and negative affect. There-
fore, Hypothesis 4 was supported.

4.3.5 Cardiovascular activity

After screening for the quality of ECG signal, data from 28
out of 30 participants were accepted for analyses. IBI and
RMSSD were extracted for every 10 s, with 5 s overlapping
with the next data point. Baseline IBI was computed as the
mean IBI during the 1 min that participants spent in the
practice room before being transported to the VR condi-
tion. VR task IBI was computed as the mean IBI over the
5 min that participants walked in the experimental condi-
tion. Shapiro—Wilk tests for normality showed that the data
were not normally distributed. Thus, natural log transforma-
tion was applied to IBI and RMSSD before analysis. Tests
for normality on the log-transformed data showed normal
distribution.

Nature

60* connectedness | ™ -30*

> Negative affect

Condition
.12 n.s. (-.05n.s.)

Indirect = -.18
(C.1.:-.37,-.02)

Fig.3 Mediation analysis testing whether the effect of condition on
change in negative affect (post-test minus pre-test) is mediated by
change in nature connectedness (post-test minus pre-test). Unstand-
ardized path coefficients are shown. The direct effect reported
in parentheses represents the association between condition and
change in negative affect when the mediator is excluded. *p <0.05,
**p <0.01, ***¥p <0.001

To examine the effects on heart rate, we ran a 2 (time:
baseline vs. VR task) X 2 (condition: nature vs. urban)
repeated measures ANOVA with IBI as the dependent vari-
able. There was no main effect of time (F(1, 27)=3.32,
p=0.08, 71p2=0.1 1) and no main effect of condition (F(1,
27)=0.00, p=0.99, np2=0.00). This was qualified by a
significant time-by-condition interaction, F(1, 27)=7.93,
p=0.01, np2=0.23. As shown in Table 3, IBI significantly
increased from baseline during the nature condition, sug-
gesting greater relaxation, but had no significant changes
during the urban condition.

To examine the effects on heart rate variability, a similar 2
X 2 repeated measures ANOVA was conducted for RMSSD.
There was no main effect of time, F(1, 27)=0.10, p=0.76,
’7p2: 0.00, and no main effect of condition, F(1,27)=0.96,
p=0.34, 11p2 =0.03. The time-by-condition was also not sig-
nificant, F(1, 27)=1.90, p=0.18, 71p2: 0.07. Although the
change in RMSSD did not reach conventional statistical sig-
nificance, RMSSD increased in the nature condition which
suggests less stress, while it decreased in the urban condition
which suggests more stress (see Table 3).

To further examine differences by condition in cardio-
vascular activity, we plotted the change in IBI (calculated
as IBI at a given time point during the 5-min experimental
condition minus baseline IBI) between the nature and urban
conditions at every 10-s window, with 5 s overlapping with
the next data point. This was done using the original data
that were not log-transformed. As shown in Fig. 4, the line
representing the nature condition lies above the line that rep-
resents the urban condition over the whole timeframe. This
suggests a lower heart rate, and thus calmer physiological
state, throughout the nature condition compared to the urban
condition. The same was done for RMSSD, and results are
shown in Fig. 5. The line representing the nature condition is
for the most part, lying above the line representing the urban
condition—thereby suggesting greater parasympathetic acti-
vation, corresponding to a calmer state, during the nature
condition compared to the urban condition. Overall, the
results for cardiovascular activity supported Hypothesis 5.

Table 3 .Descripti\{e sFatistics' Mean (SD) Simple effects
for cardiovascular indicators in
Study 1 as a function of time Baseline VR task Test statistic, p, effect size
and condition
Nature
IBI —0.397 (0.111) —0.380(0.118) #(27)=2.69, p=0.01, d=0.50
RMSSD —4.017 (0.554) —3.992 (0.576) t(27)=0.61, p=0.54, d=0.11
Urban
IBI —0.389 (0.096) —0.388 (0.095) t(27)=0.27, p=0.79, d=0.04
RMSSD —4.061 (0.539) —4.109 (0.441) t27)=-1.01,p=0.32,d=-0.19

IBI and RMSSD went through natural log transformation. The simple effect of time is reported for each
row based on results from paired ¢ tests

@ Springer



Virtual Reality (2023) 27:3285-3300

3293

Condition
— Nature
== Urban
0.02
@
£
[0}
o)}
s
o 0.00
O
-0.02

1 2 3 4 5
Minute

Fig.4 Change in IBI by experimental condition with 95% confidence
intervals. Change in IBI was computed as IBI at the given time minus
baseline IBI
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Fig.5 Change in RMSSD by experimental condition with 95% confi-
dence intervals. Change in RMSSD was computed as RMSSD at the
given time minus baseline RMSSD

5 Study2

Study 1 examined the effects of virtual nature among
young adults. In Study 2, we aimed to investigate the
effects of virtual natural environments on senior citi-
zens, an understudied population that may greatly enjoy
the benefits of VR to reduce their barrier of experiencing
nature. A within-subject design was employed with two
within-subject factors—condition (nature vs. urban) and

time (for self-report measures: pre-VR vs. post-VR; for
cardiovascular activity: baseline vs. VR task). We hypoth-
esized that compared to the urban condition, the nature
condition increases positive affect (H6), which is mediated
by nature connectedness (H7). It is also hypothesized that
nature condition is associated with a lower level of stress
reflected by self-report (H8) and cardiovascular activity
(H9) compared to urban condition.

5.1 Participants and procedures

As mentioned in Sect. 4.1, a power analysis indicated a sam-
ple size estimate of n =22 for a within-subject comparison.
A total of 26 seniors were recruited from a senior citizens’
community center in Singapore. However, six participants
dropped out after the first session due to unforeseen rea-
sons that were unrelated to the current study (e.g., sudden
hospitalization), resulting in a final sample of 20 partici-
pants (females = 18; age: mean="72.7, SD =8.8) who were
paid S$30 for their participation. None of the participants
had tried VR with a head-mounted device prior to the
experiment.

Participants experienced the nature and urban condition
with one week in-between, and the order was counter-bal-
anced. All measures were administered verbally by a female
experimenter, and participants answered questions verbally
because many of them were illiterate. Participants followed
the same procedure as in Study 1, except that they experi-
enced the VR practice room for 1 min (instead of 2 min in
Study 1) and experienced the target VR environment for
3 min (instead of 5 min in Study 1).

5.2 Measures

We simplified the measures in Study 1 because many of the
participants had difficulty understanding the items.

5.2.1 Positive affect

To assess positive affect, participants were asked to rate how
happy they felt at the current moment on a 5-point scale
(1 =very slightly or not at all; 5 =extremely).

5.2.2 Nature connectedness

To assess nature connectedness, participants were asked
to rate how connected to nature they felt at the current

moment on a 5-point scale (1 =very slightly or not at all;
5 =extremely).
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5.2.3 Self-reported stress

To assess stress, participants were asked to rate how stressed
they felt at the current moment on a 5-point scale (1 =very
slightly or not at all; 5 =extremely).

5.2.4 Cardiovascular activity

Cardiovascular responses were recorded using an ECG as
in Study 1.

5.2.5 Prior VR experience, discomfort, and demographics

Participants were asked if they had any prior VR experience
before the study (0=no, 1 =yes), and their age and gender
at the end of the study. After the VR task, participants were
asked if they felt unwell. None of the participants reported
feeling unwell after the VR task.

5.3 Results

Shapiro—Wilk tests for normality showed that the data for
positive emotion, nature connectedness, and self-report
stress were not normally distributed. Thus, we performed
the nonparametric Friedman’s test with follow-up Wilcoxon
signed rank tests to examine the effect of time in each condi-
tion. Descriptive statistics are reported in Table 4.

5.3.1 Positive affect

Friedman’s test indicated that there were significant differ-
ences in positive affect for conditions at the two time points,
;(2(3): 11.98, p=0.01. As shown in Table 4, Wilcoxon
tests showed that positive affect significantly increased
in the nature condition (pre-VR median=3.00, post-VR
median=4.00). In contrast, positive affect did not signifi-
cantly change in the urban condition (pre-VR median=3.50,
post-VR median =3.00). Thus, Hypothesis 6 was supported.

5.3.2 Nature connectedness

Friedman’s test indicated that there were significant dif-
ferences in nature connectedness between conditions at
the two time points, y*(3)=19.06, p <0.001. As shown
in Table 4, Wilcoxon tests showed that nature connected-
ness significantly increased in the nature condition (pre-
VR median =3.00, post-VR median =4.00), whereas it
significantly decreased in the urban condition (pre-VR
median =4.00, post-VR median =3.00).

5.3.3 Mediation of nature connectedness

A two-condition within-participant statistical media-
tion analysis with 10,000 bootstraps was conducted using
MEMORE (Montoya and Hayes 2017). Direct and indirect
pathways from condition to changes in positive affect (post-
test score minus pre-test score) were examined, with the
change in nature connectedness (post-test score minus pre-
test score) as the potential mediator. Results of the mediation
analysis are shown in Fig. 6. The indirect effect was sig-
nificant (b=0.67, bootstrapped SE=0.32, bootstrapped 95%
confidence intervals, CI 0.13, 1.37), suggesting that nature
connectedness mediated the relationship between condition
and positive affect. Thus, Hypothesis 7 was supported.

5.3.4 Self-reported stress

Friedman’s test indicated that there were no significant
differences in stress for conditions at the two time points,
7/(3)=3.27, p=0.35. Wilcoxon tests showed that there were
no significant changes in stress in either the nature condition
(pre-VR median =2.00, post-VR median=1.00), or urban
condition (pre-VR median =2.00, post-VR median = 1.50).
Thus, Hypothesis 8 was not supported. Nonetheless,
although the change in stress did not reach conventional sta-
tistical significance, stress decreased slightly in the nature
condition, while it increased slightly in the urban condition
(see Table 4).

Table 4 Descriptive statistics
for Study 2 dependent variables
as a function of time and

condition

Mean (SD) Simple effects
Pre-VR Post-VR Test statistic, p, effect size
Nature
Positive affect 3.40 (0.68) 4.00 (0.80) Z=3.21,p=0.001, r=0.51
Nature connectedness 2.95 (1.10) 3.90 (0.97) Z=3.58,p<0.001, r=0.57
Self-report stress 2.00 (0.80) 1.65 (0.81) Z=1.81,p=0.07,r=-0.29
Urban
Positive affect 3.60 (0.82) 3.25(1.16) Z=1.64,p=0.10, r=-0.26
Nature connectedness 3.40 (1.23) 2.80 (1.54) Z=1.98, p=0.048, r=-0.31
Self-report stress 1.80 (0.77) 1.85 (0.99) Z=0.38, p=0.71, r=0.06

The simple effect of time is reported for each row based on Wilcoxon signed rank tests
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Fig.6 Mediation analysis testing whether the effect of condition on
change in positive affect (post-test minus pre-test) is mediated by
change in nature connectedness (post-test minus pre-test). Unstand-
ardized path coefficients are shown. The direct effect reported in
parentheses represents the association between condition and change
in positive affect when the mediator is excluded. p<0.1, *p<0.05,
*#p <.01, #*p <0.001

5.3.5 Cardiovascular activity

After screening the ECG data, R peaks could not be
extracted from the data of six participants due to irregu-
larities. Irregularities in ECG data of older adults are com-
mon (e.g., Ferreira et al. 2014), and may be due to relatively
prevalent medical conditions like diabetes and hypertension
(Abe et al. 1996). The remaining sample was too small to
draw any meaningful conclusions. Thus, no further analyses
were conducted on cardiovascular responses and Hypothesis
9 could not be tested.

6 General discussion

VR technologies have become increasingly affordable and
accessible to everyday households, and offer a safe and
practical solution to promote well-being via immersive
nature exposure in these challenging times. In this research,
we examined the effects of virtual nature among young
adults and senior citizens. Across both samples, we found
that a walk in a virtual natural environment resulted in an
improved emotional state, and that this effect was mediated
by an enhanced sense of nature connectedness. Our study
unveils the underlying mechanism of why virtual natural
environments can improve emotional well-being. It pro-
vides strong empirical evidence of virtual nature by using a
within-subject design with two distinct samples to mitigate
the problems associated with causal heterogeneity (Bullock
et al. 2010). To the best of our knowledge, our study is the
first to examine the effects of a virtual natural environment
on a senior sample. This contributes to the scant empirical
evidence of nature’s positive effects on non-Western and
older populations (Haluza et al. 2014; Kondo et al. 2018).
Furthermore, results from Study 1 showed that nature VR
was associated with lower stress and greater relaxation

measured with heart rate and heart rate variability. Similarly
in Study 2, seniors reported slightly lower stress after the
nature VR although this did not reach conventional statisti-
cal significance.

Our Study 1 showed that negative affect decreased, while
positive affect did not change following the nature condition,
whereas our Study 2 showed that positive affect increased
(negative affect was not measured) after the nature condi-
tion. There could be several explanations for the inconsisten-
cies. Firstly, Study 1’s participants were young adults (mean
age =20.5), while Study 2 consisted of older adults (mean
age=72.7), and age has been shown to be a moderator on
the effect of nature exposure such that larger effect sizes for
positive affect were found among older participants (McMa-
han and Estes 2015). This corresponds with the current
findings that show a much stronger effect of virtual nature
on positive affect and nature connectedness among seniors
(Study 2) compared to young adults (Study 1). However, no
conclusions can be drawn as this may be due to the different
measurements used in both samples. In addition, the length
of the VR immersion and method of movement also dif-
fered between the young adults and senior citizens in order
to accommodate different levels of attention and mobility
capability. In another within-subject study that involved a
50 min walk in a nature and urban setting, positive affect did
not change for the nature walk but significantly decreased for
the urban group, while negative affect decreased across both
settings with a significantly larger decrease in the nature
compared to urban walk (Bratman et al. 2015), correspond-
ing to the findings of Study 1. Furthermore, in Study 1, the
mediation of enhanced nature connectedness was signifi-
cant only for the relationship between condition and nega-
tive affect but not for the relationship between condition and
positive affect, while in Study 2, the mediation of enhanced
nature connectedness was significant for the relationship
between condition and positive affect. This differs from pre-
vious findings which found mediational support of nature
connectedness for positive affect only, but not negative affect
(Mayer et al. 2009). This highlights the nuanced effects
that nature has on positive and negative affect respectively.
Future research is needed to investigate the specific direction
of change and further examine how virtual nature may affect
youth and seniors differently.

The present findings on physiological indicators of stress
align with past findings that show lower stress levels in
nature compared to urban settings (Brown et al. 2013; Lee
et al. 2011; Park et al. 2010). Specifically, Study 1 showed
that heart rate was higher in the urban condition compared
to nature condition, replicating past studies that similarly
showed greater heart rate in actual urban environments com-
pared to nature ones (Lee et al. 2011; Park et al. 2010). As
for parasympathetic activation based on heart rate variabil-
ity, Study 1 showed that RMSSD increased slightly during
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the nature condition but decreased slightly during the urban
condition, although neither of these changes reached con-
ventional statistical significance. This ties in with a study
conducted by Brown et al. (2013) in which RMSSD did
not change while viewing a slideshow of nature scenes but
decreased when viewing a slideshow of built scenes. This
suggests that nature can buffer against the stress elicited by
urban environments.

Diminished nature experiences are not only detrimental to
health and well-being, but can also exacerbate the growing
disconnect that urban populations feel toward nature (Soga
and Gaston 2016). The excessive use of electronics among
young people has already been associated with reduced
time spent outdoors in nature (Larson et al. 2018; Pergams
and Zaradic 2006), a problem that may be magnified with
schools and workplaces shifting online. Past researchers
have raised the concern that virtual nature may devalue and
even replace actual nature (Levi and Kocher 1999; Litleskare
et al. 2020). They warn that people may adapt too much to
virtual nature and become accustomed to the loss of real
nature exposure (Kahn et al. 2008; Kahn et al. 2009). With
the widespread growth of VR systems, there is an urgency
to address the positive and negative outcomes that virtual
nature may have on people’s relationship with their environ-
ments. In our study, results showed that participants were
more connected to actual nature after their virtual nature
exposure. Given that higher nature connectedness predicts
more time spent in nature (Cheng and Monroe 2012; Nisbet
et al. 2009), our study suggests that rather than diminishing
the need to experience real nature, virtual nature may lead
to stronger motivation to spend time in real nature. Future
research needs to further distinguish between connectedness
to real vs. virtual nature, as well as examine if virtual nature
exposure would translate into more real nature experiences.

VR fidelity refers to the degree to which the VR environ-
ment replicates the real-life environment (Alessi 1988; Liu
et al. 2008). The VR scenes in our study have only a moder-
ate degree of fidelity because they were designed conserva-
tively to exclude elements like animals or people. Current
VR technology enables the development of high-fidelity nat-
ural environments. For example, dynamic natural processes
such as light diffusion through plant foliage and reflection of
light on water can be achieved (Depledge et al. 2011). High
audio fidelity can be developed through the synchronization
of stereo recordings and visual cues such as the motion of
trees swaying along with the sound of wind and leaves rus-
tling (Lindquist et al. 2020). High movement fidelity can be
achieved through precise head tracking and locomotion tech-
niques that best mimic real-life walking (Nilsson et al. 2016;
Templeman et al. 1999). While high fidelity can enhance
positive outcomes like presence and perceived realism in VR
(Lindquist et al. 2020; McMabhan et al. 2012), there are still
many sensory cues present in real natural environments that
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cannot yet be replicated in VR (Depledge et al. 2011). For
example, air temperature, wind velocity, and thermal heat
are important to psychological responses in natural environ-
ments (Park et al. 2011), but they are not available in VR.
It is possible that high-fidelity virtual natural environments
with increased biodiversity, water features, and bird sounds
would create high fascination and result in even stronger
effects on nature connectedness, affect, and stress. Future
research should find ways of incorporating other sensory
cues into VR experiences and examine the role of fidelity in
computer-generated natural environments.

6.1 Practical implications

Our findings have important applications. Lockdowns and
quarantines have resulted in social isolation and severely
restricted opportunities to visit nature. Virtual natural envi-
ronments provide a source of nature exposure that can alle-
viate psychological distress. The relative ease of setting up
VR systems make it a viable solution for many healthcare
settings like care homes and quarantine facilities. Moreo-
ver, low-cost systems like the Google Cardboard (https://
arvr.google.com/cardboard/) also enable users to experience
virtual nature using their smartphones from their homes.

While not a primary objective of the present research, the
studies highlight the potential benefits of VR as a comple-
mentary tool in urban planning and environmental psycho-
logical research. VR offers methodological benefits such as
providing high degrees of experimental control while simul-
taneously providing an experience that is closer to real life
compared to pictures or videos (Blascovich et al. 2002). The
current findings suggest that virtual nature evokes similar
effects as real nature. While caution should be exercised
when extrapolating the findings of virtual environments
that are computer-generated to real-world settings, VR may
nonetheless serve as a methodological tool in preliminary
investigations, for example, studying the psychophysiologi-
cal responses to vertical greenery on a row of high-rise
buildings (Chan et al. 2021).

6.2 Limitations

There are several limitations in our study. First, the dura-
tion of the VR immersion was short (5 min for Study 1;
3 min for Study 2). The current study is not able to address
questions of how long the positive effects will last, whether
a longer immersion would result in different effects, or
whether the effects are subjected to habituation if the vir-
tual natural environment is experienced over repeated occa-
sions. Second, research has shown that VR has a tendency
to induce symptoms resembling motion sickness like nausea,
dizziness, and other general discomforts (Rebenitsch and
Owen 2016). However, none of our participants reported
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feeling uncomfortable. One possible reason is that partici-
pants’ navigation and speed were controlled by themselves
through walking (Study 1) or moving their hands (Study
2) such that their body movement synchronized with their
visual senses—a key feature which research shows can
reduce motion sickness (Llorach et al. 2014; Ng et al. 2019).
Nonetheless, motion sickness is an important limitation of
VR which future research should seek to mitigate. Third,
participants in our Study 1 (young adults) and Study 2 (sen-
iors) did not complete the same measures due to psycho-
logical and physical limitations of the seniors. Effect sizes
between Study 1 and Study 2 thus cannot be directly com-
pared. Future research may replicate Study 2 with a younger
population, or directly compare samples from different age
groups using the same experimental conditions and meas-
ures to further examine the validity of our findings. The cur-
rent experimental results with seniors would also benefit
from replication using a larger sample size with well-vali-
dated measures. Finally, the current study has only examined
one type of nature setting (i.e., forest). Future studies may
examine if other types of nature settings (e.g., mountains,
oceans, deserts) will evoke the same effects on nature con-
nectedness and affect, and whether a similar mechanism is
at play.

7 Conclusion

The COVID-19 pandemic has disrupted everyday living,
leaving many in a state of psychological distress. While
nature offers solace to promote mental health, the pandemic
has reduced access to it. VR offers a safe alternative to expe-
rience nature. This study showed that a short walk in a vir-
tual forest improved emotional state among young adults
and senior citizens through the enhancement of nature con-
nectedness. It underscores the potential of nature exposure
through VR to increase nature connectedness, which in turn
can improve psychological well-being during the pandemic.
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