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ABSTRACT

Research has consistently shown differences in affect and cognition after exposure to different physical envi-
ronments. The time course of these differences emerging or fading during exploration of environments is less
explored, as most studies measure dependent variables only before and after environmental exposure. In this
within-subject study, we used repeated surveys to measure differences in thought content and affect throughout a
1-h environmental exploration of a nature conservatory and a large indoor mall. At each survey, participants
reported on aspects of their most recent thoughts (e.g., thinking of the present moment vs. the future; thinking
positively vs. negatively) and state affect. Using Bayesian multi-level models, we found that while visiting the
conservatory, participants were more likely to report thoughts about the past, more positive and exciting
thoughts, and higher feelings of positive affect and creativity. In the mall, participants were more likely to report
thoughts about the future and higher feelings of impulsivity. Many of these differences in environments were
present throughout the 1-h walk, however some differences were only evident at intermediary time points,
indicating the importance of collecting data during exploration, as opposed to only before and after environ-
mental exposures. We also measured cognitive performance with a dual n-back task. Results on 2-back trials
replicated results from prior work that interacting with nature leads to improvements in working-memory
performance. This study furthers our understanding of how thoughts and feelings are influenced by the sur-
rounding physical environment and has implications for the design and use of public spaces.

1. Introduction

2019), improved working memory (Berman et al., 2008), reduced
aggression (Kuo & Sullivan, 2001), and reduced rumination (Bratman

A growing body of research shows that the physical environment
someone spends time in can influence how they think, feel and act.
Urban living offers many benefits to individuals (Bettencourt et al.,
2007; Stier et al., 2021), however, it may also increase certain stressors
(Bettencourt et al., 2007; Milgram, 1970, p. 173; Stier et al., 2021).
Interaction with urban greenspace may counter some of these negative
effects of urban living (Bratman et al., 2019; Hartig & Kahn, 2016).
Acute exposures to urban greenspace, for instance, have been associated
with positive, reflective thinking (Schertz et al., 2018; Schwartz et al.,
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et al., 2015). City parks may be particularly useful public spaces given
that park visits may support individual wellbeing (Schnell et al., 2019),
increase social ties between neighbors (Kazmierczak, 2013; Peters et al.,
2010), and even reduce crime (Schertz et al., 2021).

As much of the world is industrialized and urbanized, the public and
semi-public spaces in cities are important places to consider as locations
where individuals are spending time outside of their work and home and
thus may impact their wellbeing (Carr et al., 1992; Oldenburg & Brissett,
1982). These spaces, however, belong to a variety of categories and have
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been designed for a multitude of more specific purposes. Public places
include outdoor locations such as plazas, parks, and playgrounds, as well
as indoor locations such as transit stations, nature conservatories, and
shopping malls. In this paper we focus on how various measures of
thoughts, affect, and cognitive performance varied between two indoor
semi-public spaces, a nature conservatory and a large indoor mall.

One important feature that public spaces might have is their ability
to improve or alter thought content. Thought content is an important
part of everyone’s daily lived experience (Larson & Csikszentmihalyi,
2014). Thoughts may be tied to one’s external environment or be rela-
tively independent of it, usually in the case of mind wandering (Small-
wood & Schooler, 2015). The content and valence of thoughts have been
shown to be associated with changes in mood and mental health (Kill-
ingsworth & Gilbert, 2010; Pennebaker & Beall, 1986; Seligman et al.,
2005). The temporal aspect of thoughts, that is, whether they are
focused on the past, present, or future, have also been associated with
the affect and meaningfulness of those thoughts. For example, a recent
experience sampling study showed that thoughts focused in the present
were happier but less meaningful than thoughts focused on either the
past or future (Baumeister et al., 2020). Thought content has also been
shown to be influenced by the visual features in one’s physical envi-
ronment (Schertz et al., 2018, 2020). For these reasons, the continued
study of thought content as a dependent variable is important in fully
understanding the different effects of the external environment on
human health and wellbeing (Berman, Kardan, et al., 2019; Berman,
Stier, & Akcelik, 2019).

In addition to thought content, affective functioning has been shown
to be associated with one’s physical environment. In a recent meta-
analysis, it was found that exposure to natural environments reliably
increased positive affect compared to urban environments, while re-
ductions in negative affect were less consistent (McMahan & Estes,
2015). Furthermore, specific feelings of impulsivity have also been
associated with exposure to different environments. Across several
studies, Berry and colleagues found that participants exposed to visual
nature scenes (e.g., by looking at images) displayed less impulsive de-
cision making than those exposed to images of the built environment or
to geometric shapes (Berry et al., 2014, 2015). Feelings of materialism
have also been found to be reduced by exposure to nature compared to
urban environments (Joye et al., 2020), thus in addition to impulsivity
in general, impulsive buying may be reduced by time spent in natural
spaces.

Prior research has also found associations between creativity and
natural stimuli. Creative performance of artists was judged to be higher
when working in a space with natural images on the walls compared to a
space without images (McCoy & Evans, 2002). Design students gener-
ated more creative design solutions working in a more natural space
compared to a regular classroom (Chulvi et al., 2020). Qualitative in-
terviews with creative professionals also indicated that artists often use
nature intentionally as an environment for generating creative ideas
(Plambech & Konijnendijk van den Bosch, 2015). Given these findings,
people may report self-rated feelings of creativity as higher after inter-
acting with natural stimuli.

The potential use of natural environments as an intervention to boost
cognitive performance has also been studied (Berman et al., 2008, 2012;
Bratman et al., 2012; Schertz & Berman, 2019; Van Hedger et al., 2018).
A recent meta-analysis found that tasks requiring working memory (e.g.,
Backwards Digit Span) and cognitive flexibility (e.g., Trail Making Task
B) showed reliable improvements after exposure to nature-based stimuli
compared to urban-based stimuli, with attentional control tasks (e.g.,
Attention Network Task) also showing some improvements, but to a
less-reliable degree (Stevenson et al., 2018). This meta-analysis found
generally larger effect sizes in experiments that included actual exposure
to various real-world environments compared to studies using virtual
environmental exposure (e.g., viewing pictures or videos). Given that
improvements in cognitive performance have been shown to be sepa-
rable from improvements in affect (Stenfors et al., 2019), it continues to
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be important to test changes in both affect and cognition to determine
under what environmental exposure conditions benefits in these do-
mains are observed.

Several theories have been proposed to explain the cognitive and
affective benefits from interactions with nature. Stress reduction theory
posits that exposure to nature increases positive affect and reduces
physiological stress, which support improved cognitive performance
(Ulrich, 1983; Ulrich et al., 1991). Attention restoration theory on the
other hand suggests that natural environments embody four key prop-
erties (i.e., soft fascination, extent, compatibility, sense of being away)
which support the replenishment of cognitive resources (Kaplan &
Kaplan, 1989; Kaplan, 1995) such as top-down directed attention
(Kaplan & Berman, 2010). A more recent theory suggests that nature
exposure may increase individuals’ willingness to work (i.e., motiva-
tion) which accounts for its benefits in cognitive performance (Joye
et al., 2022).

In comparison to research on the general benefits of interactions with
natural elements, relatively little work has been conducted to investi-
gate individual differences, which may predict whether someone shows
affective or cognitive benefits from nature exposure. Given that some
individuals are more sensitive to their environment than others (Aron &
Aron, 1997), it may be the case that there are individual differences,
which are important to consider when trying to predict behavioral or
cognitive differences after spending time in certain environments. For
example, one experience sampling study found that individuals with
higher trait impulsivity were more likely to show a difference in positive
affect while in natural compared to urban environments (Bakolis et al.,
2018). Other personality traits, such as openness to experience or ten-
dency towards reflection for example, may also moderate the effects of
the surrounding physical environment on changes in affect and thought
content.

Experience sampling methods provide a way for people to provide
structured self-reports about what they are thinking and feeling
throughout their daily life (Larson & Csikszentmihalyi, 2014). While
experience sampling studies often take place over days or weeks, short
term experience sampling studies that survey people several times over
the course of an hour or so, have shown to be useful for collecting
thoughts and feelings as individuals explored one specific area (Doherty
et al., 2014). Here, we used an experience sampling methodology
combined with a within-subject experimental design to compare various
aspects of thought content while people explored two large, indoor
semi-public spaces.

Conservatories are often constructed as large greenhouses, designed
and curated to display various plants and may also include water fea-
tures. On a continuum of ‘untouched’ to ‘manicured’ natural settings,
conservatories belong at the ‘manicured’ end of the spectrum, most
similar to other types of gardens. As public spaces, conservatories offer
year-round access to ‘green’ nature for residents of areas with seasonal
climates. On the other hand, indoor malls are traditionally concentrated,
commercial spaces. In addition to including stores for both utilitarian
and leisure shopping, malls may provide entertainment and are spaces to
socialize and exercise (El Hedhli et al., 2013; Farren et al., 2015). Thus,
while malls and conservatories are both indoor semi-public places, their
purposes and designs are quite different from each other, which may
influence the thoughts and feelings of visitors to these spaces. Impor-
tantly, research has shown how more natural versus more built spaces
may alter individual’s thought content in reliable ways (Schertz et al.,
2018; Schwartz et al., 2019). Here it is possible to examine place-based
influences on thought content in indoor spaces that typically have high
positive valence such as conservatories and expensive malls.

In this within-subject study, we used repeated surveys to measure
differences in thought content and affect throughout a 1-h environ-
mental exploration of a nature conservatory and a large indoor mall.
This allowed us to examine the time course for differences to emerge or
fade between the two environments. We also collected measures of
working memory performance before and after environmental exposure
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as a conceptual replication of previous studies examining the impacts of
natural environments on cognitive performance (Berman et al., 2008;
Stenfors et al., 2019; Stevenson et al., 2018; Van Hedger et al., 2018).
Lastly, we examined correlations between numerous trait measures and
our dependent variables to explore the role individual differences may
play in observing environmental effects on affect and cognition.

2. Material & methods
2.1. Participants

A total of 99 participants participated in the study from October
2018 through April 2019. Ten participants did not return for the second
session of the two-part study. Data collection issues resulted in the loss of
three participants’ data, leaving full analyzable data for 86 participants.
Participants (mean age = 21.57 years, SD = 3.79 years, Range 18-39)
were either University of Chicago students or adults from the sur-
rounding communities recruited through Facebook, flyers posted in the
community, and the university’s research participation system. There
were 39 men, 58 women, and 2 participants who selected ‘other’ for
gender. In terms of ethnicity, 31 participants identified as white/
Caucasian, 31 identified as Asian/Asian American, 16 identified as
Hispanic, Latino, or Chicano, 15 identified as Black/African American, 5
identified as multiple ethnicities and 1 participant identified as another
race/ethnicity. In the final sample of 86 participants (mean age 21.60
years, SD = 3.78 years, Range 18-39), there were 32 men, 53 women,
and 1 participant who selected ‘other’ for gender. Participants were paid
$74 to complete the study. This research was approved by the Institu-
tional Review Board of the University of Chicago. Sample size was
determined primarily through resource constraints (e.g., time, money)
but is similar to other studies examining the effects of nature exposure
on affect (McMahan & Estes, 2015). No data analysis was performed
until after data collection was finished.

2.2. Locations

The conservatory study location was the Garfield Park Conservatory
(referred to as ‘conservatory’ throughout) located in the Garfield Park
neighborhood of Chicago (https://garfieldconservatory.org). The mall
location was the Water Tower Place mall (referred to as ‘mall’
throughout) located in the Near North neighborhood of Chicago (htt
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ps://www.shopwatertower.com/en.html). See Fig. 1 for a sample
scene from each location.

2.3. Procedure

The study was conducted over two sessions, spaced one week apart.
The order of environments (i.e., conservatory vs. mall location first) was
counter-balanced across participants. In the final sample of 86 partici-
pants, 46 visited the conservatory first and 40 visited the mall first. A
maximum of 12 participants were included in each study session, due to
practical limitations in transporting participants to the testing locations
and the goal of maintaining a manageable ratio of participants to
research assistants. The trait questionnaire was completed online via
Qualtrics before participants arrived at their first session (i.e., this was
done at home after signing up to participate in the study).

When participants arrived at the laboratory building for each ses-
sion, they were met by research assistants and directed to a shuttle bus.
Research assistants collected participants’ personal mobile devices (so
that they would not be distracted by their own mobile devices during the
walks) and distributed the experimental cell phones (Moto G5 An-
droids). All tasks during the study sessions were completed on these
experimental phones. Participants completed the baseline survey and
working memory task (dual n-back) on the bus while it was stationary at
the laboratory building. Headphones were distributed for use during the
working memory task. The bus then drove participants and research
assistants to one of the study locations, which were both approximately
30 min away from the laboratory. Upon arrival at the study location,
participants were instructed to explore the environments and answer
survey questions on the experimental cell phone when prompted. Par-
ticipants were also instructed not to interact with each other. In the mall,
they were told they could enter the shops but not to make purchases.
Participants were prompted by a timer on the cell phone to complete the
ambulatory survey after 20 min (Survey 1), 40 min (Survey 2), and 60
min (Survey 3). After completing the third survey, participants were
directed to meet the research assistants at the entrance. They were then
instructed to complete the working memory task again, which was
completed in the lobby area of the locations. Finally, the shuttle bus
drove everyone back to the laboratory building. Each session lasted
approximately 2-2.5 h. Fig. 2 shows a diagram representation of the
study procedure.

Fig. 1. Example images of Garfield Park Conservatory (left) and Water Tower Place mall (right). Images from Wikimedia Commons (Jrissman, 2010; Kenraiz, 2016).
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Fig. 2. Study Procedure
Note. RA = Research Assistant.

2.4. Survey questions

2.4.1. Trait questionnaire

In addition to providing demographic information, participants
responded to a short form Big Five Inventory (mini-IPIP) (Donnellan
et al., 2006), the Reflection-Rumination Questionnaire (RRQ) (Trapnell
& Campbell, 1999), the Subjective Vitality Score (SVS) (Ryan & Fred-
erick, 1997), the Valuing Emotions (VE) scale (Mangelsdorf & Kotabe,
2017, April), the Trait Rash Impulsivity Scale (TRIS) (Mayhew & Powell,
2014), and the 3-question loneliness scale (Hughes et al., 2004). The
mini-IPIP assesses five facets of personality — extraversion, agreeable-
ness, conscientiousness, neuroticism, and intellect (or openness to
experience). While previous research has not linked Big Five measures to
nature exposure, it is a widely utilized personality measure in psychol-
ogy. The RRQ assesses two facets of private self-attentiveness - rumi-
nation, generally thought to be a maladaptive pattern of self-referential
thought, and reflection, which is considered intellectual self-attention
(Trapnell & Campbell, 1999). VE was developed to assess belief in
one’s own emotions as being helpful or harmful (Mangelsdorf & Kotabe,
2017, April). Given that reflection, rumination, and valuing emotions
are all measures interrogating different aspects of focus on the self, these
scales were included as it may be that people scoring higher on these
measures are more or less sensitive to environmental effects on their
mental state. SVS assesses the construct of vitality, defined as having
physical and mental energy (Ryan & Frederick, 1997). This measure was
included as exposure to nature has been associated with increased levels
of state vitality (Ryan et al., 2010). TRIS measures general levels of
impulsivity (Mayhew & Powell, 2014). Higher trait impulsivity has
previously been found to be associated with greater increases in positive
affect in response to exposure to natural environments (Bakolis et al.,
2018).

2.4.2. Baseline questionnaire

Upon arrival to each study session, before being transported to the
study locations, participants filled out the baseline questionnaire. Par-
ticipants were asked questions about their most recent thought
including when in time it was focused (e.g., focused on the past, present,
or future) and its valence. To assess thought valence, they reported how
much the thought aligned with seven adjectives: positive, exciting,
imaginative, deep, spontaneous, stressful, and negative. To assess par-
ticipants’ affective state more broadly, positive affect was measured by
asking how much they felt the following four emotions: energetic,
grateful, in awe, and optimistic. Negative affect was measured using the
four adjectives: bored, stressed, mentally fatigued, and insignificant.
These words were chosen due to their alignment with theories related to
the cognitive and affective benefits of nature (e.g., attention restoration
theory and stress reduction theory). A separate study validating these
measures and comparing them to previously developed affect scales was
run and is reported in the Supplemental Materials. Participants also
reported if they felt like they had ‘gotten away’ from everyday concerns,
how creative they felt, and how impulsive they felt. Given that one
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environment was a shopping mall, impulsive buying was assessed spe-
cifically, in addition to general impulsivity. The questions about
impulsive buying were taken from the Buying Impulsiveness Scale (Rook
& Fisher, 1995), but framed as state rather than trait measures (see
Supplemental Table 1 for exact wording). Other questions were also
asked that are not analyzed in this manuscript. The full list of questions
and possible answers is shown in Supplemental Table 1. Due to a coding
error, Likert scales in the baseline questionnaire went from 0 to 7 while
Likert scales in the ambulatory questionnaire went from 0 to 10. For all
analyses, baseline responses were rescaled to 0-10.

2.4.3. Ambulatory questionnaire

While participants were walking around the study locations, they
filled out the ambulatory survey three times. These surveys included the
same questions as the baseline questionnaire, with a few exceptions: 1)
Participants were only asked about impulsive buying at the third (final)
survey, (i.e., not at survey 1 and 2), 2) at the third survey participants
were asked their overall time perception of their walk and 3) at the third
survey participants reported whether they had visited the study location
before, and if so, how recently.

2.5. Cognitive task

Participants completed an audio-visual dual n-back task as a measure
of working-memory performance. In an n-back task, participants are
instructed to press a button if the current visual or auditory stimulus
matches the stimulus that was presented ‘n’ previous trials back. The
dual n-back (DNB) is a variant of this task in which two stimuli are
presented simultaneously. Here, these stimuli were spoken integers,
1-9, and a blue square whose position varied in a 3 x 3 grid. On each trial
of the dual n-back task, participants pressed their right index finger,
right middle finger, both fingers, or neither finger, to indicate a position
match, a number match, both a position and number match, or no
match, respectively. Each trial lasted 3000 ms and the button press was
permitted throughout the trial. Immediate feedback was provided to
participants via red (incorrect press) or green (correct press) text at the
bottom of the screen. Participants were first shown instructions and then
completed a practice block for both 2-back and 3-back trials. Partici-
pants completed two blocks of 2-back and two blocks of 3-back, with
each block containing 20 + n trials. The paradigm was implemented in
Android (Layden, 2017). Performance is reported as A’, which accounts
for both hits and misses, as in (Kardan et al., 2020). A’ is more robust to
non-normality of responses than similar sensitivity indices, such as d’
(Stanislaw & Todorov, 1999). The scale of a’ is 0-1 with chance per-
formance at 0.50. A’ is calculated as:

[(H — FA) + abs(H — FA))

A'=0.5 + sign(H — FA)*
+sign( ) @ max(H, FA) — 7 H7FA)

where H is the hit rate; FA is the false alarms rate (i.e., rate of responses
when no response should have been given); sign(H — FA) is 1 if H is
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greater than FA, —1 if H is less than FA, and 0 if H is equal to FA; and max
(H, FA) is the larger of the two values.

2.6. Statistical analyses

Statistical analyses were conducted using a Bayesian framework for
multi-level models, with participant as a random intercept. Linear
regression models were used for continuous dependent variables. Lo-
gistic regressions were used for categorical dependent variables (i.e.,
temporal focus of thought). The independent variables were the inter-
action term between condition (i.e., conservatory and mall) and survey/
timepoint (i.e., Baseline, Survey 1-3) for all models. Main effects are not
included as the Baseline survey was completed for each session before
participants were taken to the respective locations. The dimensionality
of the thought valence variables was reduced using principal component
analysis (PCA). The first and second principal components were then
used as the dependent variables in mixed linear regressions.

All models had regularizing priors. Regularizing priors prevent
models from overfitting to the sample by slowing the model’s rate of
learning from the data. Full specification of the models, including their
priors, is shown the Results section for each variable. Every model was
run with 10,000 draws and 1000 warmup draws in four Markov Chain
Monte Carlo (MCMC) chains, for a total posterior distribution of 36,000
post-warmup draws. We summarize the posterior distributions by
reporting the 89% percentile intervals (PI). PIs may also be referred to as
quantile intervals and indicate the probability mass centered around the
mean of the posterior distributions. Since PIs are not the same as fre-
quentist confidence intervals, the 89th percentile interval was chosen to
avoid both conscious and subconscious attempts at hypothesis testing
that may occur if presented with a conventional 95% interval, as sug-
gested by McElreath (McElreath, 2020).

2.7. Transparency and openness

We report how we determined our sample size, all data exclusions (if
any), all manipulations, and all measures in the study. All data and
analysis code are available at https://osf.io/npwrj/. Data were analyzed
using R, version 3.6.3 (R Core Team, 2017) using the ‘brms’ package
(Biirkner, 2017). This study’s design and its analysis were not
pre-registered. Additional dependent measures were collected during
this study that are not reported here; these variables were not the focus
of this manuscript. Most of the additional dependent measures are re-
ported in (Schertz et al., 2022). The full list of dependent measures is
shown in Supplemental Table 1.

3. Results
3.1. Thought content

3.1.1. Temporal aspects of thought

Participants answered the question “Was your most recent thought
about the past, present (within 5 min before or 5 min after right now), or
future, or did it have no time aspect?” They were allowed to choose more
than one response. Each of the four single response options (i.e., ‘past’,
‘present’, ‘future’, ‘no time aspect’) was modeled as a logistic regression
in the form:

Likelihood

Logistic Regression Model

Prior for betas

Adaptive prior for each participant
Prior for Average Participant

Prior for SD of participant

Response; ~ Binomial(1, p;)

logit(p) = 1 + feondition*survey[j] + Xparticipant[i]
fj ~ Normal(0, 0.5) , for j=1-8

a; ~ Normal(a, o), fori =1— 86

@ ~ Normal(0,1.5)

o ~ Exponential(1)

Where i represents the 86 participants and j represents the 8 con-
dition*survey combinations (e.g., Conservatory-Baseline, Mall-
Surveyl).
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Participants reported more thoughts focused on the past in the
conservatory compared to the mall at Survey 1 and Survey 2 (Fig. 3). The
odds ratio at Survey 1 was 2.39, 89% PI [1.25, 4.04], with 98.8% of
MCMC chains showing odds ratio greater than one. In terms of proba-
bility, this equates to a difference of thinking past related thoughts 15%
of the time in the conservatory and 7% of the time in the mall. The odds
ratio at Survey 2 was 2.18 (89% PI [1.15, 3.66], with 97.7% of MCMC
chains showing odds ratio greater than one. For probability, this equates
to a difference of thinking past related thoughts 14% of the time in the
conservatory and 7% of the time in the mall. There was no evidence of a
difference in past-related thoughts between conditions at Survey 3
(Odds Ratio = 1.23, 89% PI [0.65, 2.07]).

Participants reported more thoughts focused on the future in the mall
compared to the conservatory, with the largest odds ratio and strongest
evidence at Survey 1 and weaker evidence at Survey 3 (see Fig. 3). The
odds ratio at Survey 1 was 1.77, 89% PI [1.12, 2.64], (i.e., 27% future
thoughts in the mall vs. 16% future thoughts in the conservatory), with
97.7% of MCMC chains showing odds ratio greater than one). The odds
ratio at Survey 2 was 1.62, 89% PI [1.08, 2.31], (i.e., 32% future
thoughts in the mall vs. 20% future thoughts in the conservatory), with
97.1% of MCMC chains showing odds ratio greater than one. The odds
ratio at Survey 3 was 1.31, 89% PI [0.91, 1.82], (i.e., 33% future
thoughts in the mall vs. 26% future thoughts in the conservatory), with
87.3% of MCMC chains showing odds ratio greater than one.

There was no evidence of interactions between surveys and condition
for reporting thoughts about the present or thoughts with no time
aspect, see Fig. 3 and Supplementary Table 2. Although able to, par-
ticipants did not often select more than one choice for the time aspect;
the multi-choice models are presented in the supplementary materials
(Supplemental Table 3).

3.1.2. Valence of thought

Participants rated their thoughts on seven dimensions - deep,
exciting, imaginative, negative, positive, spontaneous, and stressful.
After using principal component analysis for data reduction, we used the
first and second principal components (PC) as the dependent variables in
our linear regression models. The first PC accounted for 40% of the
variance across the seven dimensions. Ratings of exciting and positive
showed the strongest loadings overall, with imaginative, deep, and
spontaneous also loading positively, and negative and stressful loading
negatively. We refer to this first PC as positive/exciting thinking. The
second principal component accounted for 25% of the variance in the
seven dimensions. This PC mostly reflected highly negative and stressful
ratings of thoughts, with deep, imaginative, and spontaneous also
loading positively. We refer to this second PC as negative/stressful
thinking. Loadings of the seven dimensions onto these two PCs are
shown in Fig. 4.

The loadings of participants’ responses on these PCs were modeled as
linear regressions in the form:

Response; ~ Normal(}, 6)

M= 1+ Bcondition*survey[j] + (xparticipant[i]
pj ~ Normal(0, 0.5), for j = 1-8

a; ~ Normal(a, o), fori =1— 86

a ~ Normal(0, 3)

o ~ Exponential(1)
6, ~ Exponential(1)

Compared to baseline, thoughts were rated as higher on exciting/
positive thinking while on both walks (see Fig. 5), but there was also a
time by condition interaction, such that thoughts were reported as more
exciting/positive in the conservatory compared to the mall at survey 1
and survey 2. As the ratings were standardized for the principal
component analysis, differences in the posterior distribution are in
standard deviations (SD). At survey 1, thoughts were 0.51 SD higher
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Fig. 3. Observed and modeled selection of temporal aspect of thoughts. Points are observed probabilities from the raw data. The fitted line is the logistic regression
model’s predicted estimate. The shaded area represents the 89th percentile interval of the posterior distribution.

Fig. 4. Loadings of thought valence onto the first and second principal components with bootstrapped 89% confidence intervals.

(89% PI [0.19, 0.84] for exciting/positive thinking in the conservatory
compared to the mall, with 99.5% of MCMC chains showing a difference
greater than 0. At survey 2, thoughts were also 0.51 SD higher (89% PI
[0.19, 0.82] for exciting/positive thinking in the conservatory compared
to the mall, with 99.4% of MCMC chains showing a difference greater
than 0. There was weaker evidence of a difference in these thought
ratings at survey 3, with a mean difference of 0.24 SD (89% PI [—0.08,
0.55]) and 88.3% of MCMC chains showing a positive difference be-
tween conditions. Although baseline thoughts were reported before
participants were taken to the study locations, there was an observed
baseline difference for this PC. Thus, we repeated the analysis after
subtracting the baseline reported valence in each condition. The results

were similar, but weaker (see Supplemental Table 5 and Supplemental
Fig. 1).

For negative/stressful thinking, we found a reduction in ratings for
this PC through the walk in both conditions, with no evidence of an
interaction between time and condition (see Fig. 5). Full models are
shown in Supplemental Table 4.

3.2. State level affect

In addition to reporting the valence of their last thought, participants
reported on their general affect. State affect variables were modeled as
linear regressions in the form:
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Fig. 5. Observed and modeled thought valence for PC1 (exciting/positive thinking) and PC2 (negative/stressful thinking). Points are mean observed ratings. The
fitted line is the linear regression model’s predicted estimate. The shaded area represents the 89th percentile interval of the posterior distribution.

Response; ~ Normal(y, ¢)

M= 1+ ﬁcondition*survey[j] + (xparticipant[i]
j ~ Normal(0, 1), for j = 1-8
a; ~ Normal(@, o), fori =1— 86

a ~ Normal(5,1.5)

o ~ Exponential(1)
o, ~ Exponential(1)

Participants reported higher levels of positive affect at all three
surveys in the conservatory compared to the mall (Fig. 6). On a 10-point
scale, the posterior distribution showed that positive affect was 1.34

points higher (89% PI [0.99, 1.7]) in the conservatory compared to the
mall at Survey 1, 1.18 points higher (89% PI [0.83, 1.54]) at Survey 2,
and 1.08 points higher (89% PI [0.73, 1.43]) at Survey 3. All MCMC
chains showed a difference greater than O for all three interactions.

For the negative affect, we found participants reported lower levels
throughout the walk in both conditions, with no evidence of an inter-
action between time and condition (see Fig. 6). Full models are shown in
Supplemental Table 6.

In addition to positive and negative affect, participants reported how
impulsive and creative they were feeling, as well as how much they felt
like they had ‘gotten away’ from everyday concerns (see Fig. 7). Par-
ticipants reported higher levels of creativity in the conservatory

Fig. 6. Observed and modeled levels of positive and negative affect. Points are mean observed ratings. The fitted line is the linear regression model’s predicted
estimate. The shaded area represents the 89th percentile interval of the posterior distribution.
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Fig. 7. Observed and modeled feelings of creativity, impulsivity, and ‘gotten away’. Points are mean observed ratings. The fitted line is the linear regression model’s
predicted estimate. The shaded area represents the 89th percentile interval of the posterior distribution.

compared to the mall at all three surveys (Fig. 7). On a 10-point scale,
the posterior distribution showed mean difference at Survey 1 was 1.18
(89% PI [0.73, 1.64]). The mean difference was 1.21 (89% PI [0.76,
1.67]) at Survey 2, and 0.94 (89% PI [0.5, 1.39]) at Survey 3. All MCMC
chains showed a difference greater than 0 at all three surveys.

Participants reported lower levels of impulsivity in the conservatory
compared to the mall at all three surveys (Fig. 7). On a 10-point scale,
the posterior distribution showed a mean difference at Survey 1 of —1.84
(89% PI [—2.31, —1.38]). The mean difference was —1.59 (89% PI
[-2.05, —1.12]) at Survey 2, and -1.42 (89% PI [-1.88, —0.96]) at
Survey 3. All MCMC chains showed a difference less than 0 for all three
surveys.

Participants reported that they felt a greater sense of having “gotten
away” from everyday concerns in the conservatory compared to the mall
at all three surveys (Fig. 7). On a 10-point scale, the posterior distribu-
tion showed a mean difference at Survey 1 of 1.6 (89% PI [1.13, 2.08]).
The mean difference was 1.51 (89% PI [1.04, 1.99]) at Survey 2, and
1.24 (89% PI [0.76, 1.71]) at Survey 3. All MCMC chains showed a
difference greater than 0 for all three surveys. Full models for all state-
level reports are shown in Supplemental Table 7.

3.3. Impulsive buying
Impulsive buying was measured only at Baseline and at Survey 3.
Impulsive buying (z-scored) was modeled in a linear regression with the

following form:

Response; ~ Normal(y, o)
Hi= 1+ ﬂcondition*survey[j] + Qparticipant[i]

pj ~ Normal(0, 1), for j = 1-4

a; ~ Normal(a, o), fori =1— 86
@ ~ Normal(0,1)

o ~ Exponential(1)

0, ~ Exponential(1)

We found that at Survey 3, impulsive buying was 0.82 standard de-
viations higher in the mall compared to the conservatory, 89% PI [0.62,
1.01], with all MCMC chains showing a difference greater than 0. See
Fig. 8. Full model is shown in Supplemental Table 8.

3.4. Working memory

Mean performance (A’) on the dual n-back was 0.76 (sd = 0.19).
Working memory performance was modeled in a linear regression with
the following form:

Response; ~ Normal(y, o)

ui = 1 + p*condition*pre_post*session(j) + @participant[i]
pj ~ Normal(0, 0.2), for j = 1-8

a; ~ Normal(a, o), fori =1— 86

a ~ Normal(0.5,1)

o ~ Exponential(1)
0, ~ Exponential(1)

We found evidence of a small main effect of time (b = 0.03, 89% PI
[0.00, 0.06], 96.5% MCMC chains greater than 0), and a main effect of
session (b =0.06, 89% PI [0.01, 0.11], 98.8% MCMC chains greater than
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Fig. 8. Observed and modeled feelings of impulsive buying. Points are mean
observed standardized ratings. The fitted line is the linear regression model’s
predicted estimate. The shaded area represents the 89th percentile interval of
the posterior distribution.

0) but no effect of interactions between environment, session, and time
on performance (see Supplemental Fig. 2). Performance on 3-back trials
for our participants was very poor as overall hit rate was under 50% (HR
= 0.39, SD = 0.20) and mean A’ on 3-back was 0.67 (SD = 0.19), sug-
gesting that there was a lot of noise in the 3-back data. As such, we ran
an additional analysis, which only included the 2-back blocks where
mean performance was much higher; A’ on the 2-back blocks was 0.85.
This model showed a main effect of session, such that scores were higher
in the second session (beta = 0.04, 89% PI [0.00, 0.08], with 94.9% of
MCMC chains showing a beta greater than 0). Importantly, we also
found an interaction between time and environment, such that perfor-
mance change scores were higher after the walk in the conservatory
compared to after the walk in the mall (beta = 0.04, 89% PI [0.01, 0.08]
with 97.1% of MCMC chains showing a beta more than 0), indicating

Fig. 9. Modeled and observed Dual N-back performance on 2-back blocks. Dots
represent the mean and lines represent the 89% percentile interval of the
model’s posterior distribution. Violin plot represents the distribution of
observed performance. Stars represent the observed mean performance.
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more improvement after the conservatory walk compared to the mall
walk (Fig. 9). See Supplemental Table 9 for the full models.

3.5. Relationships between personality measures and thought content,
state affect, and cognitive performance

We computed Bayesian bivariate linear correlation estimates (rho)
between participant trait measures (e.g., Agreeableness) and the
dependent variables (e.g., state positive affect) that had shown time by
environment interactions in the main analyses (Fig. 10). Cronbach’s
alphas for composite dependent measures are reported in Supplemental
Table 10 and for composite trait measures in Supplemental Table 11. All
were in the acceptable to good range. Each participant’s reported ratings
within each environment were averaged (i.e., responses at Surveys 1-3).
For dual n-back, we used the change in 2-back performance (post score —
pre score). Correlations were computed separately for each environ-
ment. While this approach does not test the formal interaction between
location and personality, it does show how different traits are associated
with outcome variables in each location.

Trait intellect (also called “openness to experience”) was positively
correlated with positive thoughts, positive affect, and feelings of crea-
tivity in the conservatory but did not show strong relationships with
outcomes in the mall. Trait reflection was also positively correlated with
creativity in the conservatory. Although in general, participants were
more likely to think about the past in the conservatory, trait intellect and
reflection were both negatively correlated with past thinking in the
conservatory. This means that participants high on trait intellect and
reflection were less likely to think about the past in the conservatory.

As prior research had found a positive correlation between trait
impulsivity and the difference in positive affect between natural and
non-natural environments, we wanted to directly test if we replicated
that effect (Bakolis et al., 2018). We did not find evidence of a corre-
lation between trait impulsivity and the difference in positive affect
between the conservatory and mall (r = —0.05, 89% PI [-0.24, 0.16]).
Within each condition separately, there was a negative correlation be-
tween trait impulsivity and positive affect.

3.6. Correlations between dependent variables

Bayesian bivariate linear correlations between dependent variables
were calculated as well, see Fig. 11. Positive affect, positive/exciting
thoughts, and creativity all positively correlated with each other in both
the conservatory and the mall. Improvements in dual n-back perfor-
mance was positively correlated with positive thinking, positive affect,
state impulsivity, and creativity in the conservatory, but those re-
lationships were not seen in the mall. Future thinking was positively
correlated with state impulsivity in the mall but was negatively corre-
lated with state impulsivity in the conservatory. Broadly, the patterns
between past and future thinking with the other dependent variables is
different between the two environments.

4. Discussion

We found numerous differences in thought content and affective
state when walking in the conservatory compared to the mall environ-
ment. Regarding the temporal aspect of thoughts, we found evidence
that participants had more ‘past’ related thoughts in the conservatory
and more ‘future’ related thoughts in the mall. Participants also reported
thoughts that were more positive/exciting in the conservatory compared
to the mall. In terms of general affective state, participants reported
higher positive affect in the conservatory compared to the mall, while a
reduction in negative affect was reported for both the conservatory and
mall throughout the walks. Participants reported feeling more creative
while walking in conservatory but more impulsive while in the mall.

Some of the results can be grouped in terms of similar patterns. For
instance, feelings of positive affect and creativity both increased in the
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Fig. 10. Bivariate linear correlations between individual trait measures (rows) and dependent variables (columns) in the conservatory (left) and mall (right). PC1 is
positive/exciting thoughts. DNB is change in dual n-back performance. Positive correlations are shown in blue and negative correlations are shown in red. 89%
confidence intervals are shown in paratheses. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Fig. 11. Bivariate linear correlations between dependent measures in the conservatory (left) and mall (right). PC1 is positive/exciting thoughts. DNB is change in
dual n-back performance. Positive correlations are shown in blue and negative correlations are shown in red. 89% confidence intervals are shown in paratheses. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

conservatory and stayed unchanged from baseline in the mall. Another
group of dependent variables showing a similar pattern was negative
thoughts and negative mood; these both decreased from baseline during
the walks without showing an interaction by condition.

Many of these results are in accordance with previous research. For
example, the finding of increased creativity in the conservatory is in line
with previous research showing increases in creative performance
following exposure to images, sounds, and immersive experiences of
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natural environments (Chulvi et al., 2020; McCoy & Evans, 2002). While
those studies all tested creative performance, here participants were
asked directly how creative they were feeling at the time. We also
replicated previous findings that spending time in natural environments,
either wild or manicured, can increase positive affect (McMahan &
Estes, 2015). Our findings are also in line with previous work which
found that in open-ended free response people described “an experience
in nature” more positively than they did “an experience shopping”
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(Craig et al., 2018). Recent research has found that changes in affect
after viewing nature stimuli are associated with individual preferences
for those images (Meidenbauer et al., 2020). Unfortunately, here we do
not have preference ratings of the environments so we cannot investi-
gate this pathway with the data from this study. While it is possible that
the conservatory is more preferred over the mall, it is our sense that both
environments would be relatively high on preference for most people.

We did not find overall interaction effects on the dual n-back task,
likely because participants were barely above chance on 3-back trials
and thus those blocks were likely adding a lot of noise to the model.
When modeling the 2-back blocks of the task, where performance was
more stable, we did find an environment by time interaction, such that
performance was better after the walk in the conservatory compared to
after the walk in the mall. Previous work has shown improvements in
working memory performance after interactions with nature (Berman
et al., 2008; Bourrier et al., 2018; Bratman et al., 2012; Stenfors et al.,
2019; Van Hedger et al., 2018). The dual n-back has not been widely
used in studies examining the cognitive benefits of exposure to nature
(see (Stevenson et al., 2018) for a review of common tasks) but was
chosen for this study due to its heavy reliance on working memory
processes. Tasks that tax working memory and attention seem to show
greater improvements after interacting with nature compared to pure
attention tasks (Stenfors et al., 2019; Stevenson et al., 2018). A study by
Van Hedger and colleagues used the dual n-back as part of a composite
cognitive score and found improvements in performance after exposure
to nature sounds and our results partially replicate those findings (Van
Hedger et al., 2018). In the study by Van Hedger et al. (2018), perfor-
mance improved on both 2-back and 3-back trials, but performance on
3-back was much higher in that study compared to this study.

While we can only speculate about the small effect size and lack of
interaction effect when modeling 3-back and 2-back together, it should
be noted that testing was not done under ideal experimental conditions.
Logistics of the study led to post-environment testing being conducted
on cell phones in the lobby/entry way of the locations, which was likely
distracting for participants. These may also be reasons for worse overall
performance by these participants compared to Van Hedger et al.
(2018), which included participants from a similar population, but had
them perform the dual n-back in the laboratory. Additionally, there may
have been reduced potential for improvement given that participants
were pinged on cell phones and required to take multiple surveys
throughout their walk. Along these lines, previous research has found
that using portable electronic devices while in a natural environment
diminished attention restoration (Jiang et al., 2019). Future work should
attempt to replicate these results, which may help determine boundary
conditions under which cognitive improvements are or are not seen after
exposure to natural environments.

We did not replicate previous findings which found an association
between trait impulsivity and an increase in positive affect while in a
natural environment (Bakolis et al., 2018). We used the same trait
impulsivity scale as Bakolis and colleagues, however our study design
was quite different. Our study was experimental, and we directly
compared positive affect between the two environments. The original
study was an observational experience sampling study collecting data
over a one-week period, which examined the immediate and
time-lagged effect of seeing different natural features. Additional studies
of both types may help clarify the role of trait impulsivity in shaping
individuals’ reactions to the physical environment.

Other interesting individual differences were observed. In particular,
it appears that individuals who scored higher on trait reflection seemed
to attain more of the benefits from interacting with nature, given that
this trait was positively correlated with positive/exciting thinking, and
creativity, with some evidence of improvement in general positive affect
as well, while exploring the conservatory. However, these individuals
also showed negative correlations with positive affect and creativity in
the mall, which may indicate a general sensitivity to environmental
context. Participants scoring high on extraversion, on the other hand,
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were more likely to show higher positive affect in the mall, but not in the
conservatory. It should be noted that we had less power to observe re-
lationships for individual differences as these are necessarily between-
subject analyses (unlike the other models presented). Future research
attempting to replicate these effects, and other work linking personality
traits and outcomes from environmental exposures is needed and will be
important for both theoretical understanding and real-world applica-
tions. There are also other trait measures not included in this study but
that have been related to the beneficial effects of nature, which measure
connection to nature in various ways. These include the Connectedness
to Nature scale (Mayer et al., 2009) and Inclusion of Self in Nature scale
(Schultz, 2001), among others (see Tam, 2013), which could be included
in future work to see how these traits are related to changes in affect and
cognition after nature exposure.

Many of the differences in affect and thought content were present at
all three surveyed timepoints. Any difference between the two envi-
ronments that was observed was evident by the first survey. This in-
dicates that approximately 20 min in an environment is sufficient to
induce differences in affect and cognition. Some aspects though, such as
past and future directed thoughts which showed an interaction with
environment, were only observed at Surveys 1 and 2, thus not seeming
to last the entire hour long walk. With these data, we do not know why
some differences last longer than others. Given the size of the particular
environments that were used in this study, it is possible that participants
had fully explored the spaces by the end of 1 h, which attenuated some
of the differences later in the survey. It would be useful to replicate this
study in larger spaces to see how the extent of the space is related to the
time course of thought content, especially as Kaplan (1995) theorized
that environments with greater extent would lead to greater psycho-
logical benefits. Findings like this indicate the importance of repeated
measurements during exploration of different environments. Most
research into acute environmental exposures uses a pre-post design with
arbitrary exposure length. Our repeated measures design sets a foun-
dation for comparisons to difference environments in future studies — e.
g., do different sized environments also show effect by 20 min that last a
whole hour? Future research could also modify the first measurement
point to be earlier to test minimum exposure needed to observe these
effects.

Although this study has provided evidence that some differences in
affect and thought content between the two environments were
observed across all three timepoints, it remains unknown how long after
leaving each environment would those differences persist. One experi-
ence sampling study found that people who had seen certain natural
elements (i.e., trees and sky) showed a delayed boost in mood, in that
they reported a more positive mood 2.5 h after exposure. In comparison,
people who had a different type of nature exposure (i.e., hearing birds or
being outside) reported a positive mood boost during the exposure but
not 2.5 h later (Bakolis et al., 2018).

While our study revealed interesting differences in thought content
between natural and commercial public spaces, and, importantly,
largely replicated previous findings related to affective states, open
questions remain that could be answered by different follow-up studies.
For example, previous research had found associations between the
thought content of park visitors and the visual features of those parks
(Schertz et al., 2018). It would be informative to have participants take
pictures each time they completed a survey to compare individualized
visual features that participants were seeing at that moment with
thought content. We did not implement that procedure for the current
study due to technical difficulties of having participants switch between
applications on the experimental mobile devices. Observational or
experimental studies that have participants report thought content after
leaving specific environments will inform how long differences in
thought content persist after exposure.

There are also several limitations for the generalizability of this
study. While the study was conducted in an ecologically valid manner,
with participants visiting the locations during normal operating hours
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with other visitors present, and using mobile devices, participants
visited these locations without companions. How these environments
may shape conversation (and thus thoughts) for people visiting these
locations with others should be researched. This study was also limited
to one natural and one commercial space in one North American city.
The design and amenities at conservatories and malls around the world
may lead to other types of thought content. Cultural differences in the
purposes of, and comfort in, these types of public spaces may also in-
fluence the results. These particular locations were chosen in part
because they were free to enter, accessible year-round, similar in size to
each other, desirable, frequently visited, and approximately equal
driving time from our research lab. It should also be noted that these
locations also differ from each other beyond just their degree of natu-
ralness. For instance, the demographics of other visitors (such as age and
ethnicity) and the purpose of their visits are likely different between
these two places. How other public (and semi-public) spaces, such as
plazas, museums, places of worship, or sculpture gardens, that differ
along a variety of dimensions such as naturalness, crowdedness,
educational opportunity, etc., compare to conservatories and malls is an
open and interesting question. Replicating this study in additional lo-
cations will be informative in determining more universal impacts of
environments on thought content and affect.

In conclusion, this study adds to the growing body of work indicating
the immediate impact of our surrounding physical environment on
affect and cognition. Public spaces are important locations within cities,
and access to urban greenspace seems to be particularly beneficial given
the thoughts and feelings experienced by people while exploring these
types of environments. These types of natural environments are also able
to improve cognitive performance, which could help urban dwellers to
be more productive. Equitable access to safe areas with natural stimuli
should be a goal for healthy, sustainable, and productive cities.
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