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Abstract
Few studies have investigated the impact of landscapes on humans’ mental 
status while they are moving at high speeds, such as driving on the freeway. 
This study used a simulation system to measure drivers’ mental responses to 
six different freeway landscapes. Each of the 33 participants completed six 
different 90-minute simulated driving tasks in a randomly assigned sequence. 
The six landscape conditions consisted of an identical freeway infrastructure, 
with different roadside landscapes. Results show significant differences 
between landscape conditions and drivers’ mental responses. Landscape 
conditions with greater greenness, in general, had a greater positive impact 
on drivers’ mental status. The barren and tree regular landscapes yielded 
the worst and best results, respectively. Further, higher complexity was 
associated with a higher level of negative mental status. We argue that the 
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speed of human’s active movement should be considered as an essential 
factor in the Attention Restoration Theory and Stress Reduction Theory.

Keywords
freeway landscape, driving simulation, mental status, greenness, complexity, 
Attention Restoration Theory, Stress Reduction Theory

Introduction

Background

Extensive empirical research has shown that exposure to urban landscapes 
significantly impacts people’s mental health. Some urban landscapes exacer-
bate feelings of stress, fatigue, or frustration, while other more natural land-
scapes improve mood and help people recover from stress and mental fatigue. 
One important setting that has rarely been explored is freeway landscapes, 
where hundreds of millions of drivers spend significant amounts of time each 
day (Frumkin, 2002; Wang et al., 2016).

We have little understanding of how landscapes along these freeways 
impact drivers’ mental status. If these landscapes are associated with 
increased stress, fatigue, anger, and frustration, drivers who encounter these 
landscapes daily may be at higher risk for long-term mental and physical 
illness, such as cardiovascular disease, stroke, Type II diabetes, cancer, and 
depression (Frumkin, 2002; Jiang et al., 2014). Drivers who experience feel-
ings of stress, fatigue, anger, and frustration are also more likely to make 
poor driving decisions, which can lead to violence, accidents, and even fatal-
ities (Cunningham & Regan, 2016; Frumkin, 2002; Zhang & Chan, 2016). 
On the other hand, if freeway landscapes are associated with reduced stress, 
frustration, and fatigue, drivers may be less prone to long-term mental and 
physical illness and may make fewer poor driving decisions. We must under-
stand how different types of freeway landscape settings impact mental status 
over extended periods of driving time so that designers can create freeway 
landscapes that promote safety, mental health, and well-being.

Negative Mental Status: A Significant Challenge to Health  
and Safety

In numerous developed regions or cities, the built environment is designed 
around automobile use; people rely on automobiles to get around. Driving along 
the freeway can cause feelings of stress, fatigue, and frustration (Knight & 
Riggs, 2010), and presents a major challenge to city dwellers’ health and safety.
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Drivers who frequently experience feelings of stress, fatigue, and frus-
tration while driving for long periods are at greater risk for mental and 
physical illness, such as back pain, cardiovascular disease, and depression 
(Cunningham & Regan, 2016; Frumkin, 2002; Zhang & Chan, 2016). Road 
rage is a type of psychological stress that is strongly associated with long-
distance commutes along freeways (Frumkin et al., 2004). Stress at home 
or work can also elicit negative moods, such as anger and frustration 
(Frumkin, 2002). Lengthy exposure to traffic can bring added stress, noise, 
and air pollution (Buckley et al., 2004; Frumkin, 2002; Grahn & Stigsdotter, 
2003; Peters et al., 2004; Steptoe et al., 2000; von Klot et al., 2005), and 
increases the risk of heart attack (Wang et al., 2016). Time spent in traffic 
is positively associated with increased risk of cardiovascular disease (Peters 
et al., 2004; von Klot et al., 2005).

Experiencing stress, fatigue, and negative moods while driving can also 
lead to risky driving behaviors, poor driving performance, and even fatal traf-
fic accidents (Beck et al., 2013; Day et al., 2012; Dula et al., 2010; Dula & 
Ballard, 2003; Gastaldi et al., 2014). Over 30% of road fatalities worldwide 
are related to drivers’ negative mental state (Lal & Craig, 2001; Owen et al., 
2015). Fatigue is responsible for up to 20% to 30% of road fatalities world-
wide (Lal & Craig, 2001). Fatigue can impair performance on a range of 
cognitive and psychomotor tasks (Kaplan & Basu, 2015; Sullivan, 2015; 
Williamson et al., 1996).

Stress and rage also lead to poor driving decisions, such as overtaking 
other cars in a reckless manner, speeding, and running red lights. Over 60% 
of participants in a nationwide survey in the US admitted that they had lost 
their temper during driving, leading them to speed along the freeway on occa-
sion (Hennessy & Wiesenthal, 1997). Stress is common for drivers who com-
mute daily, particularly when traffic is disorderly or congested, and can also 
cause poor decision-making and high risk of fatal collisions (Frumkin et al., 
2004). Drivers may also experience negative thoughts and feelings, such as 
anger, related to specific situations they encounter. Drivers experiencing neg-
ative moods are often aggressive and impatient (Nesbit et al., 2007), which 
can lead to reckless and risky driving behaviors, such as speeding, weaving, 
and tailgating (Frumkin et al., 2004).

Theoretical Pathways: Impacts of Green Landscapes on  
Mental Status

Mitigating drivers’ negative mental status, including fatigue, stress, and neg-
ative mood, is a practical approach to promoting drivers’ health and well-
being and enhancing roadway safety. One promising way to mitigate drivers’ 
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negative mental status is to expose them to green landscapes (de Kort et al., 
2006; Grahn & Stigsdotter, 2003; Suppakittpaisarn et al., 2018). Environmental 
Psychology theories, including Attention Restoration Theory (ART) (Kaplan 
& Kaplan, 1989) and Stress Reduction Theory (SRT) (Ulrich, 1981; Ulrich 
et al., 1991) have suggested that green landscapes can facilitate restoration 
from mental fatigue, stress, and negative moods.

ART posits that green landscapes restore our ability to pay attention and 
recover from mental fatigue. Mentally-demanding tasks require us to direct 
our attention and inhibit distractions. The ability to direct attention to men-
tally-demanding tasks is crucial for keeping us productive at work and safe 
on the road. Unfortunately, our ability to direct our attention to these tasks 
fatigues, and we become competitive, rash, uncooperative, and irritable 
(Kaplan & Kaplan, 1989, pp. 179–182). However, our directed attention is 
restored when we expose ourselves to green landscapes. Natural landscape 
elements such as trees, water, and sunsets are “softly fascinating.” They cap-
ture our involuntary attention and require little mental effort to process, 
allowing our directed attention to rest and recover (Kaplan, 1995). Restorative 
landscapes do not have to be large or extensive; nearby or small-scale nature 
in neighborhoods or urban parks can provide restorative effects as well.

Stress Reduction Theory posits that exposure to nature promotes stress 
recovery (Ulrich et al., 1991). According to Ulrich (1991), positive psycho-
physiological responses to unthreatening natural settings are deeply rooted in 
humans’ genes, based on millions of years of evolution. Following a stressful 
experience, exposure to unthreatening natural settings has a calming effect. 
This emotional response is immediate, unconscious, and spontaneous, and is 
accompanied by increased positive feelings and reduced levels of arousal. 
Ulrich argues that we don’t have a similar capacity to recover from stress in 
artificial settings since humans’ capacity to recover from stress has evolved 
primarily in natural settings.

A great deal of empirical research has supported these theories. In general, 
this research suggests that a higher level of greenness is often associated with 
a higher level of mental restoration.

Beyond Greenness: Impacts of Complexity of Landscape 
Settings on Mental Status

Besides greenness, landscape complexity also significantly impacts people’s 
mental states. The perception of landscape complexity is often associated 
with higher species diversity and naturalism. Walker’s Hedgehog Theory 
(1980) suggests that the relationship between complexity of information 
and mental status or preference can be best described by a U-shaped 
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dose-response curve where zero indicates a neutral hedonic response. 
Preference responses are below zero when complexity is low because the 
subject is bored or displeased with the lack of complexity. When complexity 
reaches a moderate level, the subject gains the highest level of pleasure or 
preference. When complexity is too high, pleasure or preference declines 
once again, because the participant is overwhelmed by the amount of infor-
mation presented or how chaotic it feels.

Similarly, Cognitive Load Theory (Sweller, 1988) suggests that people’s 
cognitive capacity to process simultaneous information (such as environmen-
tal stimuli) is limited. Extraneous cognitive load causes a loss of directed 
attention and accelerated negative emotions (Ayres & Paas, 2012; Plass & 
Kalyuga, 2019). Thus, an environment high in complexity (such as one with 
lots of visitors or visual stimuli) elicits negative mental responses. Research 
has found that landscape settings high in visual complexity also elicit a strong 
sense of unpredictability (Yang et al., 2013) and lack of guardianship (Jiang 
et al., 2017, 2018). Those perceptions may make people feel less in control of 
their environment and more vulnerable to danger, which might lead to other 
negative mental responses (Kaplan & Berman, 2010; Lal & Craig, 2001).

Significant Knowledge Gaps

Together, the theories mentioned above suggest that greenness and landscape 
complexity significantly impact mental responses. These theories have been 
supported by empirical research in many urban environments, such as 
schools, streets, parks, communities, and gardens. Only a few studies have 
examined the impact of freeway landscapes on drivers’ mental status 
(Antonson et al., 2009; Oron-Gilad & Ronen, 2007; Thiffault & Bergeron, 
2003; Wang et al., 2016). Freeway landscapes are often regarded as a decora-
tive addition without measurable practical function. We do not know whether 
and to what extent freeway landscapes impact drivers’ mental status, which is 
a significant knowledge gap considering that there are hundreds of millions 
of people who drive along freeways daily.

In particular, we do not know how the amount of greenness impacts driv-
ers’ mental status. Most studies exploring this issue have compared land-
scapes with or without roadside trees (e.g., Antonson et al., 2009; Fitzpatrick 
et al., 2014; Parsons et al., 1998). We do not know how drivers will respond 
to less prominent roadside vegetation, such as turf and shrubs, which are not 
as visually-dominant and do not provide as much greenery but might be more 
restorative than barren landscapes. We also do not know how freeway land-
scapes with different levels of landscape complexity influence drivers’ mental 
status. Will drivers respond more positively to landscapes that are perceived 
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as less complex, such as landscapes with orderly, single-species plantings? 
Or will they respond more positively to plantings perceived as more com-
plex, with multiple species, planted in a more random fashion?

Finally, past studies have explored how drivers respond to roadside land-
scapes during a relatively short time (around 30–40 minutes) (e.g., Antonson 
et al., 2009, 2014). Many freeway drivers spend much longer time periods on 
the road (Wang et al., 2016). We do not know how drivers respond to differ-
ent freeway landscapes over an extended time period.

These knowledge gaps prevent developers, managers, and designers of 
transportation infrastructure from creating evidence-based landscape designs 
that improve the mental status and health of hundreds of millions of people 
worldwide who frequently commute long distances along freeways.

To test drivers’ responses to different types of landscapes, we exposed 
participants to a simulated 90-minute freeway driving experience. We used 
advanced virtual reality techniques to simulate a driving scenario (Seen et al., 
2010; Sung et al., 2005), and exposed drivers to one of six types of freeway 
landscape conditions: barren, turf, shrub-regular, shrub-random, tree-regu-
lar, and tree-random. During and after the driving task, we asked participants 
to report their mental status. The study was approved by the Human Research 
Ethics Committee at the University of Hong Kong.

Methods

Experimental Design

To examine how different freeway landscapes impact drivers’ mental status, 
we created six different landscape conditions on the same virtual freeway. 
For the driving conditions, we built 3D models in Esri CityEngine® (2015), 
with AutoCAD 2016, Rhinoceros 5, and Grasshopper (0.9.0076) as auxiliary. 
Then we exported the 3D models into OpenDS 4.5 (Green et al., 2014; Math 
et al., 2012), an open-source driving simulation software, using Blender 
plugins (version 2.78c) for conversion. The freeway infrastructure is identi-
cal for each driving condition. We configured six types of roadside landscape 
conditions into the models: barren, turf, shrub-regular, shrub-random, tree-
regular, and tree-random (Figures 1 and 2).

The simulated loop freeway for all conditions is 40,500 m long, with slight 
curves, and is based on typical urban freeways in large international cities, 
with skyscrapers and multi-story commercial and residential buildings on 
both sides of the road.

The width of the landscape lane is 10 m. For both tree-regular and tree-
random conditions, the trees were placed in a single central line, with a 
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distance of 5 m between each tree trunk and the edge of the roadway. For both 
shrub-regular and shrub-random conditions, the shrubs were centered on 
evenly spaced double lines, with a distance of 3.3 m between the center of 
each shrub and the edge of the roadway (Figure 2). For the tree-regular con-
dition, we placed trees evenly 20 m apart, while for the shrub-regular condi-
tion, we placed the shrubs 10 m apart. The distance between tree trunks or 
shrubs was established based on a review of standards in major US cities 
(Gilman, 2015; Macdonald et al., 2006). For the tree-random and shrub- 
random conditions, we used Grasshopper® plugins (0.9.0076) to develop 
randomly configured intervals for trees and shrubs alongside the road, respec-
tively. The sum dimension and number of shrubs and trees for both regular 
and random layouts were set in Esri CityEngine® (2015) to make sure the 
total green volume for both conditions is identical. We selected Aesculus hip-
pocastanum for tree-regular and Boxwood hybrids for the shrub-regular 

Figure 1. Six types of freeway landscape conditions.
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because they are widely used street plants for major cities throughout both 
sub-tropical and temperate zones (e.g., New York, Chicago, London, Hong 
Kong, etc.) (Erzurumlu & Tekinalp, 2018; Harris County Extension 
Horticulturists [HCEH], 2009; Petrova et al., 2014; Thomas et al., 2019; 
Weerakkody et al., 2017). We selected ten common shrubs and ten common 
tree species from street vegetation lists of those cities for shrub-random and 
tree-random accordingly (Supplemental Tables A and B) (Biodiversity 
Information System for Europe [BISE], n.d.; Global Biodiversity Information 
Facility [GBIF], n.d.; The Morton Arboretum [TMA], n.d.; United States 
Department of Agriculture [USDA], n.d.).

Participants

To determine the number of participants, we conducted a statistical power 
calculation with the assistance of G*Power 3.1.9.2 (Buchner et al., 2014; 

Figure 2. Typical layouts and sections of a freeway for six landscape conditions.
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Faul et al., 2007, 2009). Because of the nature of the experimental setting, we 
implemented the calculation with an ANOVA test (repeated measures, within-
between interaction) with the alpha error probability value set at 0.05. Results 
indicated that a sample size of 30 could produce a power value of 0.98 with 
the effect size at 0.5. We obtained valid data sets from 33 participants in our 
study, which ultimately produced a power value of 0.99.

To select participants, we used a convenience sampling method (Etikan 
et al., 2016). We recruited people ages 18 to 60 from an international univer-
sity campus in Hong Kong. We recruited participants by placing flyers in 
multiple locations both on and off of the university campus and through 
social media platforms. Participants needed to have a valid driver license to 
participate. Participants were excluded if they had been diagnosed with any 
sort of mental or physical illness or if they had had any sort of vehicle acci-
dent trauma. Individuals were also not allowed to participate in the study if 
their visual acuity (after vision correction) was less than 20/20. We asked 
participants to refrain from consuming alcoholic or caffeinated drinks 6 hours 
before the experiment. We also asked participants to receive ample sleep the 
night before the experiment.

We recruited 40 healthy individuals and collected complete data sets from 
33 individuals (21 males, 12 females, see Table 1 for demographic informa-
tion). Each participant visited the lab six times to experience all six of the 
different driving condition simulations. We used Latin Square to achieve a 
randomized order for the simulations to largely mitigate practice and order 
effects (Cochran & Cox, 1950; Jacobson & Matthews, 1996). The partici-
pants were randomly assigned to as many possible orders as the Latin Square 
requires, and each participant viewed the simulations in one of the possible 
orders. Participants completed a background questionnaire consisting of 
questions about their age, gender, education, economic status, marital status, 
and self-reported driving performance history.

Experimental Equipment

We set up the driving operation software environment using Lenovo 
ThinkStation P910, and rendered the simulation in OpenDS®. We configured 
the driving hardware environment by using Logitech G29 driving set and 
included a steering wheel, pedals (clutch, brake, accelerator) (Eudave & 
Valencia, 2017), and play-seat. We used 79" LG SUPER UHD TV 79UF9500 
for simulation display, and a Sony SS-WSB128 speaker system to simulate 
the car engine sound. The lab space for the experiment was surrounded by 
black canvas to eliminate interference from other light sources.
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Table 1. Descriptive Statistics of Socio-demographic Characteristics and Driving 
Record.

Measures N %

Social-demographic
Age
 18–25 15 45.5
 26–30 12 36.4
 31–40 2 6.1
 41–50 3 9.1
 51–60 1 3.0
Gender
 Male 21 63.6
 Female 12 36.4
Education
 Elementary school 0 0
 High school 1 3.0
 Bachelor 19 57.6
 Master 10 30.3
 Doctorate 3 9.1
Monthly income (HKD)
 ≤5,000 4 12.1
 5,001–10,000 4 12.1
 10,001–20,000 15 45.5
 20,001–30,000 5 15.2
 30,001–50,000 3 9.1
 ≥50001 2 6.1
Marital status
 Never married 28 84.8
 Married/Living with a partner 4 12.1
 Widowed/Divorce/Separated 1 3.0
Year (s) holding a driver license (driving experience)
 ≤1 5 15.2
 2–5 14 42.4
 6–10 8 24.2
 11–20 4 12.1
 21–30 2 6.1
Over 2,000 miles driving experience during last 3 years
 Yes 14 42.4
 No 19 57.6

(continued)
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Measures N %

Convicted of any driving violation(s) during last 3 years
 Yes 5 15.2
 No 28 84.8
Any accident(s) involving traffic violation convictions
 Yes 0 0
 No 33 100.0
Involvement in any vehicle accident while driving during last 3 years
 Yes 1 3.0
 No 32 97.0
Self-reported historical driving performance
 Very bad skill = 0; Moderate = 5; Very good skill = 10 M SD
 6.69 1.30

Table 1. (continued)

Mental Status Measures

We measured participants’ self-reported mental status using a Visual Analog 
Scale (VAS) questionnaire, consisting of 10-cm horizontal lines ranging from 
“not at all” on one side to “extremely” on the other (Jiang et al., 2014). 
Participants placed an X anywhere along the lines to indicate their mental 
status related to seven mental aspects: boredom, anger, frustration, tension, 
anxiety, avoidance, and fatigue. We chose these mental aspects because a) 
studies have shown that they significantly impact drivers’ mental status 
(Frumkin et al., 2004); and b) they have been frequently examined in empiri-
cal studies exploring the impacts of urban environments on city dwellers’ 
mental status (e.g., Antonson et al., 2009; Gastaldi et al., 2014; Jiang et al., 
2014). After the simulation task, participants were asked to describe their 
mental status while driving by typing on a computer keyboard.

Procedure

The experiments took place between July 2017 and November 2017 at a uni-
versity campus in Hong Kong. All experiments were conducted in the same 
laboratory room, and the lab environment was arranged in the same configu-
ration and set to a consistent temperature and lighting condition (Figure 3). 
Three investigators administered the experiment for the participants, and 
each was trained to follow an identical procedure (Figure 4). Investigators 
were evenly assigned to administer the procedure for the six different land-
scape conditions.
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When a participant entered the laboratory, an investigator introduced the 
experimental procedure, gave the participant a consent form to sign, and 
reviewed inclusion criteria. Then the participant practiced driving for 10 min-
utes in a plain freeway loop without environmental features to let them get 
familiar with the operation of the driving simulation equipment. The purpose 
of the practice drive was to reduce the impact of the learning effect on partici-
pants’ driving performance during the later experiment and also create a 
baseline mental status for participants. Next, the participant completed a 
baseline VAS questionnaire and then began the 90-minute driving simulation 
with one of six types of curbside landscape. The participant was asked to 
keep a legal driving speed, which is regulated by the local freeway code in 
Hong Kong (70–120 km/hour). The 90-minute procedure was divided into 
six 15-minute segments, and the VAS questionnaire was administered after 
each segment, during a one-minute break.

Following the driving simulation, the participant was asked to answer a 
short background questionnaire, followed by an open-ended question: 
“Please take around 10 minutes to describe your feelings during the driving 
experiment.” The participant then typed narratives on a computer keyboard. 
The whole experiment took around 110 minutes to complete.

Figure 3. A laboratory environment for the experiment (left: experimental space; 
right: backstage space).

Figure 4. Experiment procedure.
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Results

We present results in three parts: First, we present descriptive statistics of the 
primary measures and their correlations. Second, we present results of one-way 
ANOVA with repeated measures to reveal the impact of all six landscape 
conditions on the seven mental status measures and on a summary mental 
status measure. Third, we present results of two-way ANOVA with repeated 
measures to reveal the impact of greenness and complexity of landscapes on 
mental status. Last, we present the results of the textual analysis from partici-
pants’ narratives.

Descriptive Statistics, Correlation, and Reliability

The descriptive statistics are presented in Table 2. The results of Cronbach’s 
Alpha analysis demonstrate high reliability among the seven mental status 
measures for composing a summarized mental status measure. Cronbach’s 
Alpha if Item Deleted values are 0.916 (boredom), 0.904 (anger), 0.889 (frus-
tration), 0.893 (avoidance), 0.894 (anxiety), 0.894 (tension), 0.895 (mental 
fatigue). The general Cronbach’s Alpha value is .911. Results of the Pearson 
correlation analysis suggest the seven measures are mostly correlated with 
each other at moderate levels (0.40–0.70). All seven measures have a strong 
correlation with the summarized measure (0.79–0.88), and all correlations 
are significant, p < .001 (Table 3).

One-way ANOVA with Repeated Measures

Using one-way repeated measures ANOVA analysis, we examined the 
impacts of the six landscape conditions on drivers’ mental status immediately 
before the driving experiment (baseline), and during the 90-minute driving 
experiment (experiment). ANOVA analysis was conducted with a Greenhouse-
Geisser correction. We analyzed the seven different mental status measures 
(boredom, anger, frustration, tension, anxiety, avoidance, and mental fatigue), 
and also created a summarized mental status measure that combined all of the 
measures. At the baseline, there were no significant differences among the 
six landscape conditions for all seven mental status measures and the sum-
marized mental status measures. During the experiment, there were signifi-
cant differences among the six conditions, which we present below.

Boredom was significantly different among the six conditions, F (3.72, 
732.96) = 14.15, p = .000. The tree-regular evoked significantly lower bore-
dom scores than all other conditions, while the barren condition was associ-
ated with significantly higher levels of boredom than all other conditions 
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Table 3. Correlation Matrix Among Measures of Mental Status.

Note. All correlations are significant, p < .001.

Table 4. Post hoc (LSD) of Condition Factor with Boredom Evaluated by VAS 
Among the Six Conditions (Six Measures After Each Driving Section Combined).

Barren Turf
Shrub-
regular

Shrub-
random

Tree-
regular

Tree-
random

Barren -  
Turf >*** -  
Shrub-regular >*** >** -  
Shrub-random >* ns <*** -  
Tree-regular >*** >*** >* >*** -  
Tree-random >* ns <* ns <*** -

Note. *p < .05. **p < .01. ***p < .001. nsp = non-significant. “>” suggests the value of the 
column is greater than the value of the row.

(Table 4 and Figure 5). The shrub-random, tree-random, turf, and shrub-
regular conditions ranked 2nd to 5th for boredom.

Anger was significantly different among the six conditions, F (2.54, 500.02) 
= 32.90, p = .000. Specifically, the tree-regular evoked significantly lower 
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Figure 5. Boredom (M ± 2SE).

Table 5. Post hoc (LSD) of Condition Factor with Anger Evaluated by VAS 
Among the Six Conditions (Six Measures After Each Driving Section Combined).

Barren Turf
Shrub-
regular

Shrub-
random

Tree-
regular

Tree-
random

Barren -  
Turf >*** -  
Shrub-regular >*** ns -  
Shrub-random ns <*** <*** -  
Tree-regular >*** >*** >*** >*** -  
Tree-random >*** >** >** >*** <** -

Note. **p < .01. ***p < .001. nsp = non-significant.

Figure 6. Anger (M ± 2SE).
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anger levels than all other conditions, while the barren and shrub random 
evoked significantly higher levels of anger than the four other conditions. 
There was no statistical difference between barren and shrub-random. Turf, 
shrub-regular, and tree-random ranked from 3nd to 5th (Table 5 and Figure 6).

Frustration was significantly different for the six conditions, F (1.81, 
355.88) = 76.56, p = .000. The tree-regular condition evoked significantly 
lower frustration than all other conditions, while the barren and shrub ran-
dom conditions evoked significantly higher frustration than the other four 
conditions. There was no statistical difference between barren and shrub 
random. Shrub-regular, turf, and tree-random ranked from 3nd to 5th on 
the evoked level of frustration (Table 6 and Figure 7).

Avoidance was significantly different among the six conditions,  
F (1.69, 331.97) = 115.49, p = .000. The tree-regular condition evoked 

Table 6. Post hoc (LSD) of Condition Factor with Frustration Evaluated by VAS 
Among the Six Conditions (Six Measures After Each Driving Section Combined).

Barren Turf
Shrub-
regular

Shrub-
random

Tree-
regular

Tree-
random

Barren -  
Turf >*** -  
Shrub-regular >* ns -  
Shrub-random ns <*** <** -  
Tree-regular >*** >*** >*** >*** -  
Tree-random >*** >*** >*** >*** <*** -

Note. *p < .05. **p < .01. ***p < .001. nsp = non-significant.

Figure 7. Frustration (M ± 2SE).
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significantly lower avoidance levels than all other conditions. In compari-
son, the shrub random condition evoked significantly higher levels of 
avoidance than all other conditions, and the barren condition was signifi-
cantly worse than all the other conditions except for shrub-random. The 
shrub-regular, turf, and tree-random conditions ranked from 3nd to 5th 
on avoidance level (Table 7 and Figure 8).

Anxiety among the six conditions was significantly different, F (2.51, 
494.71) = 110.22, p = .000. The tree-regular condition evoked significantly 
lower anxiety than all other conditions, while the barren and shrub random 
conditions evoked significantly higher levels of anxiety than the other four 
conditions, with no significant difference between barren and shrub-random. 

Table 7. Post hoc (LSD) of Condition Factor with Avoidance Evaluated by VAS 
Among the Six Conditions (Six Measures After Each Driving Section Combined).

Barren Turf
Shrub-
regular

Shrub-
random

Tree-
regular

Tree-
random

Barren -  
Turf >*** -  
Shrub-regular >*** <*** -  
Shrub-random <*** <*** <*** -  
Tree-regular >*** >*** >*** >*** -  
Tree-random >*** ns >*** >*** <*** -

Note. ***p < .001. nsp = non-significant.

Figure 8. Avoidance (M ± 2SE).
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The shrub-regular, turf, and tree-random conditions ranked from 3nd to 5th 
on the evoked level of anxiety, and comparisons among them are all signifi-
cant (Table 8 and Figure 9).

Tension among the six conditions was significantly different, F (1.75, 
345.59) = 87.45, p = .000. The tree-regular condition evoked significantly 
lower tension levels than all other conditions, while the barren condition 
evoked significantly higher levels of tension than all other conditions. The 
shrub-random, shrub-regular, turf, and tree-random conditions ranked 
from 2nd to 5th on tension, and all comparisons yielded significant results 
except the comparison between shrub-random and shrub-regular (Table 9 
and Figure 10).

Table 8. Post hoc (LSD) of Condition Factor with Anxiety Evaluated by VAS 
Among the Six Conditions (Six Measures After Each Driving Section Combined).

Barren Turf
Shrub-
regular

Shrub-
random

Tree-
regular

Tree-
random

Barren -  
Turf >*** -  
Shrub-regular >*** <*** -  
Shrub-random ns <*** <*** -  
Tree-regular >*** >*** >*** >*** -  
Tree-random >*** >*** >*** >*** <*** -

Note. ***p < .001. nsp = non-significant.

Figure 9. Anxiety (M ± 2SE).



20 Environment and Behavior 00(0)

Mental fatigue. Mental fatigue among the six conditions was significantly 
different, F (3.41, 671.94) = 3.69, p < .01. The ANOVA analysis was con-
ducted with a Greenhouse-Geisser correction. The tree-regular condition 
evoked the lowest level of fatigue but was only statistically lower than barren 
(p < .01) and shrub-regular (p < .05). Barren and shrub regular evoked 
significantly higher levels of fatigue than the other four conditions, and there 
was no significant difference between barren and shrub-regular. The shrub-
random, turf, and tree-random ranked from 3nd to 5th on fatigue, but none of 
the comparisons among them are significant (Table 10 and Figure 11).

Summarized mental status. The summarized mental status measure is the 
average value of the seven measures of negative mental status (boredom, 

Table 9. Post hoc (LSD) of Condition Factor with Tension evaluated by VAS 
among the Six Conditions (Six Measures After Each Driving Section Combined).

Barren Turf
Shrub-
regular

Shrub-
random

Tree-
regular

Tree-
random

Barren -  
Turf >*** -  
Shrub-regular >*** <** -  
Shrub-random >** <*** ns -  
Tree-regular >*** >*** >*** >*** -  
Tree-random >*** >*** >*** >*** <*** -

Note. **p < .01. ***p < .001. nsp = non-significant.

Figure 10. Tension (M ± 2SE).
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anger, frustration, tension, anxiety, avoidance, mental fatigue). The summa-
rized mental status measure among the six conditions was significantly 
different, F (4.39, 886.22) =14.01, p = .000. Explicitly, the tree-regular con-
dition evoked significantly lower levels of negative mental status than all 
other conditions (p < .001). The barren and shrub random conditions evoked 
significantly higher levels of negative mental status than the other four condi-
tions, and there is no significant difference between barren and shrub- 
random. The turf, shrub regular, and tree-random conditions ranked from 
3nd to 5th on evoked level of negative mental status, but none of the compari-
sons between them are significant (Table 11 and Figure 12).

Table 10. Post hoc (LSD) of Condition Factor with Mental Fatigue Evaluated 
by VAS Among the six Conditions (Six Measures After Each Driving Section 
Combined).

Barren Turf
Shrub-
regular

Shrub-
random

Tree-
regular

Tree-
random

Barren -  
Turf >* -  
Shrub-regular ns ns -  
Shrub-random >** ns ns -  
Tree-regular >*** ns >* ns -  
Tree-random >*** ns ns ns ns -

Note. *p < .05. **p < .01. ***p < .001. nsp = non-significant.

Figure 11. Mental fatigue (M ± 2SE).
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Two-way Repeated Measures ANOVA Analysis: Greenness 
versus Complexity

It is worth noting that shrub-random and tree-random conditions yielded sig-
nificantly higher levels of negative mental status than their corresponding 
shrub-regular and tree-regular pairs in many measures of mental status. To 
examine the impact of landscapes’ greenness and complexity on drivers’ 
mental status, we conducted a two (greenness) × two (complexity) ANOVA 
with repeated measures for the summarized mental status among the four 
landscape conditions: shrub regular, shrub random, tree regular, and tree 
random (Tables 12 and 13).

At the baseline, the within-subjects effect of greenness (F [1, 32] = 0.08, 
p = .78), complexity (F [1, 32] = 0.33, p = .57), and their interaction effect 

Table 11. Post hoc (LSD) of Condition Factor with Summarized Mental Status 
Evaluated by VAS Among the Six Conditions (Six Measures After Each Driving 
Section Combined).

Barren Turf
Shrub-
regular

Shrub-
random

Tree-
regular

Tree-
random

Barren -  
Turf >*** -  
Shrub-regular >** ns -  
Shrub-random ns <* <* -  
Tree-regular >*** >*** >*** >*** -  
Tree-random >*** ns ns >* <*** -

Note. *p < .05. **p < .01. ***p < .001. nsp = non-significant.

Figure 12. Summarized mental status (M ± 2SE).
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(F [1, 32] = 0.37, p = .55) is not statistically significant, indicating no pro-
nounced discrepancy between different greenness and complexity levels at 
the baseline.

For the experiment, the within-subjects effect of greenness (F [1, 197] = 
11.10, p = .001) and complexity (F [1, 197] = 7.53, p = .007) are both 
statistically significant. The interaction effect between greenness and com-
plexity is not statistically significant (F [1, 197] = 0.27, p = .603) (Table 13 
and Figure 13). These findings suggest conditions with greater greenness 
and lower complexity are more beneficial for drivers’ mental status.

Table 12. Descriptive Statistics of 2 (Greenness) × 2 (Complexity) Repeated 
Measures ANOVA for the Experiment.

Greenness Complexity Mean SD n

Low (1) Low (1) 2.18 1.79 198
High (2) 2.38 1.94 198
Total 2.28 1.87 396

High (2) Low (1) 1.81 1.54 198
High (2) 2.12 1.66 198
Total 1.97 1.61 396

Total Low (1) 1.99 1.68 396
Low (2) 2.25 1.81 396
Total 2.12 1.75 792

Figure 13. Two (greenness) × Two (complexity) ANOVA analysis for the 
summarized mental status.
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Table 13. Test of Within-subject Effects.

Source
Type III sum 
of squares df

Mean 
square F Sig.

Partial eta 
squared

Greenness 19.56 1 19.56 11.10 0.001 .053
Error 347.08 197 1.76  
Complexity 13.33 1 13.33 7.53 0.007 .037
Error 348.84 197 1.77  
Greenness × Complexity 0.59 1 .59 0.27 0.603 .001
Error 428.98 197 2.18  

Figure 14. Positive and negative comments for each type of mental status and a 
summarized (total) mental status.
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Analysis of Drivers’ Narratives

To further explore the different impacts of the six landscape conditions on 
drivers’ mental status, we conducted a textual analysis of participants’ nar-
ratives. In the narratives, participants answered a single open-ended ques-
tion in which they described their feelings during each driving task. Three 
investigators categorized participants’ words into ten themes: 1. Distraction; 
2. Avoidance; 3. Boredom; 4. Mood; 5. Mental stress; 6. Mental fatigue; 7. 
Frustration; 8. Tension; 9. Anxiety; 10. Anger. Each word was coded as a 
negative or a positive comment, and the total amount of negative and posi-
tive comments were calculated (Table 14).

Chi-square tests of Independence were used to measure the level of effects. 
Participants’ comments differed significantly for measures, including 4. 
Mood (χ2

(5) =14.95, p < .01); 5. Mental stress (χ2
(5) = 14.33, p < .01);  

6. Mental fatigue (χ2
(5) = 12.06, p < .03); and total ratings (χ2

(5) = 43.55,  
p < .01). Participants’ positive versus negative comments did not generate 
significant differences among the six types of greenness for 1. Distraction 
(χ2

(5) = 7.16, p = .21); 2. Avoidance (χ2
(5) = 2.70, p = .75); 3. Boredom (χ2

(5) 
= 4.66, p = .46); 7. Frustration (χ2

(5) = 6.67, p = .25); 8. Tension (χ2
(5) = 

2.22, p = .82); 9. Anxiety (χ2
(5) = 4.68, p = .46); and 10. Anger (There was 

not enough samples for analysis).
The main patterns found in the narrative data are similar to the findings 

from the VAS data (Figures 14 and 15). The tree-regular condition yielded 
the most positive feedback measured by the number of positive comments 
minus the number of negative comments (52–24 = 28). In contrast, barren 
yielded the most negative feedback (19–71 = −52). The tree random (−29), 
shrub random (−26), shrub regular (−19), and turf (−11) conditions ranked 
from 2nd to 5th on the level of negative feedback (Figure 15). It is important 
to note that tree regular was the only condition that yielded more positive 
comments than negative comments.

Discussion

Summary of Findings

There are two main findings in this within-subject experimental study. 
First, the greenness of landscape settings does impact drivers’ mental sta-
tus. In general, as the greenness of the roadside environment increases 
(from barren to turf to shrub to tree), drivers reported lower levels of nega-
tive mental status. The tree-regular condition elicited the greatest mitiga-
tion of negative mental status, while the barren condition yielded the 
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smallest mitigation effect. Second, the visual complexity of the landscape 
does impact the drivers’ mental status. We found that when greenness levels 
are similar, a landscape setting with more visual complexity elicited higher 
levels of negative mental status (tree-random vs. tree-regular; shrub- 
random vs. shrub-regular).

Interpretation of Findings

Questions for attention restoration theory and stress reduction theory. This 
study provides new evidence to support Attention Restoration Theory 
(ART) and Stress Reduction Theory (SRT) in that greener landscapes were 
associated with more positive mental responses than barren ones or ones 

Table 14. Participants’ Comments on the General Effect of Greenness on Mental 
Status.

Barren Turf
Shrub-
regular

Shrub-
random

Tree-
regular

Tree-
random

Distraction Negative 8 8 7 13 3 12
Positive 10 5 4 3 4 4

Avoidance Negative 5 3 3 4 0 2
Positive 0 2 2 1 4 1

Boredom Negative 12 10 10 7 8 11
Positive 0 2 2 3 3 4

Mood Negative 16 9 10 9 5 11
Positive 5 14 14 5 17 11

Mental stress Negative 6 3 2 3 0 3
Positive 0 3 3 3 8 2

Mental fatigue Negative 11 4 13 4 4 10
Positive 1 5 2 2 2 0

Frustration Negative 4 2 6 5 1 2
Positive 1 2 3 3 6 2

Tension Negative 4 5 1 1 2 3
Positive 1 2 1 1 3 2

Anxiety Negative 4 5 2 2 1 3
Positive 1 2 1 1 4 2

Anger Negative 1 0 0 0 0 0
Positive 0 1 3 0 1 0

Total Negative 71 49 54 48 24 57
Positive 19 38 35 22 52 28
Diff. −52 −11 −19 −26 +28 −29
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with less greenery. This study also raises new questions for ART and SRT. 
To our best knowledge, both ART and SRT do not consider speed of active 
movement as a component of the theoretical models (Kaplan, 1995; Ulrich 
et al., 1991). Empirical studies have not examined the validity of these 
theories when participants are actively moving at high speeds. Instead, 
studies have examined participants’ mental responses to green landscapes 
when participants are actively moving at slow speeds (walking, jogging, or 
cycling) or even static (e.g., Berman et al., 2008; Roe & Aspinall, 2011; 
Travis et al., 1996).

Driving at moderate or high speeds is the primary mode of active move-
ment in the modern world. Driving may share the same landscapes as other 
types of active movement (walking, jogging, or cycling) because all these 
types of movement demand that humans directly or indirectly control their 
body to move through a space or set of spaces safely. All these forms of 
movement require humans to make an immediate and accurate analysis of 
environmental information and then make correct decisions regarding their 
movement. Still, driving, especially at high speeds, demands accurate and 
fast information processing, which makes the experience of driving at speed 
more stressful and tiring than slower forms of movement (Frumkin, 2002). 
While a few studies have examined the impact of green landscapes on people 
driving on urban roads at moderate speeds, they have not explored the impacts 
of speed on mental restoration in different landscape settings (Parsons et al., 

Figure 15. Combined positive and negative narratives for each type of landscape 
condition.
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1998; Wang et al., 2016). The study presented here enriches our understand-
ing of attention restoration and stress recovery because, to the best of our 
knowledge, it is the first to demonstrate that humans’ mental responses to 
landscape settings vary when they are actively moving at high speeds, such 
as driving on the freeway.

In this study, we found that regular landscapes elicited lower levels of 
drivers’ negative mental responses than their random pairs, which poses a 
challenge to these theories. We argue that green landscapes may not be 
fully restorative for people who are actively moving, such as driving, at 
high speeds. Green landscapes are indeed more restorative than barren 
ones, but if the green landscapes contain too much diversity in size, form, 
texture, and spatial characteristics, this diversity might consume drivers’ 
directed attention, arouse drivers’ stress, and evoked other negative mental 
states. Thus, there might be a trade-off effect between greenness and com-
plexity at high speeds: A landscape with high greenness may be mentally 
restorative, but the effect might be weakened if it has high visual complex-
ity. This finding is distinct from the findings of previous studies that mea-
sured participants’ mental responses to landscapes while participants were 
static or moving slowly through a landscape. In these studies, both green-
ness and complexity of natural landscapes positively impact mental resto-
ration (e.g., Fuller et al., 2007; McAllister et al., 2017).

The findings here add a new dimension to ART and SRT by pointing out 
that the impacts of landscape greenness and complexity on humans’ mental 
status may interact with the speed of human movement. We propose that at a 
static or slow moving speed, both greenness and complexity positively impact 
restoration, which is consistent with the ideas of ART and SRT. However, 
there may be a trade-off between greenery and complexity when people are 
actively moving at high speed, which is a ripe area for future research.

Why Might a Higher Level of Greenness Mitigate Drivers’ 
Negative Mental Responses?

This finding is consistent with previous theories and empirical evidence. 
Attention Restoration Theory (Kaplan, 1995) suggests that barren environ-
ments consume more of our directed attention than green ones, making us 
more mentally fatigued, a finding that is supported by a great deal of empir-
ical research (Jiang et al., 2018b; Kuo & Sullivan, 2001; Parsons et al., 
1998; Sullivan & Lovell, 2006). Stress reduction theory (Ulrich, 1981, 
1984) suggests that artificial environments can arouse psycho-physiologi-
cal stress while green environments can reduce stress, a finding that is also 
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supported by many empirical studies (Hunter et al., 2019; Jiang et al., 2014, 
2016, 2019).

Higher levels of greenness are also associated with other aspects of mental 
status, such as lower levels of depression (Min et al., 2017; Sarkar et al., 
2018), lower levels of anger (Kuo & Sullivan, 2001; Kweon et al., 2008), 
higher levels of cognitive functioning (Chen et al., 2016; Jiang et al., 2018b; 
Tang et al., 2017), a greater sense of safety (Jiang et al., 2017, 2018a), and a 
more positive mood (Bratman et al., 2015; Sarkar et al., 2018).

Besides the direct restorative effect, green roadside landscapes also pro-
vide a visual buffer between the freeway and artificial streetscapes, which 
may also lead to more positive mental responses. From barren to turf to shrub 
to tree, the buffer effect becomes more potent as greenness, especially the 
greenness at the eye-level, increases (Jiang et al., 2017; Lu, 2018). The tree 
canopy in the two Tree conditions blocks a good deal of the artificial 
streetscapes so that the complex artificial environment does not consume 
drivers’ directed attention (hard pavement, building façades, billboards). 
Meanwhile, less visual contact with the artificial environment leads to a 
lower level of stress and other negative moods.

Why Might a Condition with Greater Complexity Evoke a 
Higher Level of Negative Mental Responses?

Compared to the regular conditions, the random conditions had similar 
amounts of trees or shrubs (greenness), but greater species diversity and spa-
tial variation of plants (complexity). Drivers responded more positively to the 
two regular landscape conditions than their random pairs, and the difference 
was consistent across all mental status measures.

At first glance, this finding is surprising because some studies have 
reported that biodiversity of vegetation and naturalistic landscapes are asso-
ciated with more positive mental responses while controlling for greenness 
(Dallimer et al., 2012; Fuller et al., 2007). Also, a study reported that less 
monotonous landscapes could elicit lower levels of boredom and more posi-
tive mental status (Thiffault & Bergeron, 2003).

However, these findings have not been validated in high-speed driving 
environments. When people are sitting, walking, or even biking, they may 
perceive green landscapes that are diverse and complex as soft, restorative, 
and fascinating. People may not have the same reaction when driving at high 
speeds, where safety is more of a concern. Green landscapes may remain 
restorative to some extent, but if they are too complex or diverse, they will 
require drivers to exert more mental effort to perceive them, process them, 
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and make decisions about them (Kaplan et al., 1989; Plass & Kalyuga, 2019). 
In other words, for freeway drivers, the random and diverse green landscapes 
might be riskier than formal and simple landscapes because the former ones 
have a higher level of cognitive load (Sweller, 1988). When tree characteris-
tics (size, form, texture, and distance to the curb) keep changing along the 
freeway, drivers must pay more attention to stay safe (Antonson et al., 2014; 
Fitzpatrick et al., 2014). Our results suggest that visual complexity in free-
way landscapes may be negatively associated with drivers’ mental status.

Applications of Findings for Policy-making and Design  
Practice

There are three critical potential applications. Most importantly, policy-mak-
ers and design practitioners in the field of transportation need to know that 
roadside landscapes significantly impact drivers’ mental status. In the past, 
they have mainly focused on designing artificial infrastructure, such as the 
road layout, width, radius, and pavement. We should regard green roadside 
landscapes as an essential part of transportation infrastructure, not an insig-
nificant decoration.

Second, we should avoid barren landscapes in a freeway environment. 
Green landscapes, especially tree landscapes, provide a buffer to the artificial 
built environment and evoke significantly lower levels of many negative 
mental responses, such as boredom, anger, and frustration. Mitigating nega-
tive mental responses may help promote drivers’ health and safety, as nega-
tive mental responses are associated with mental and physical illness, as well 
as a higher risk of accidents and fatalities (Cohen et al., 2001; Dimsdale, 
2008; Frumkin, 2002; Staufenbiel et al., 2013). We found that landscapes 
with turf or shrubs only elicit slightly lower levels of negative mental 
responses than barren landscapes, suggesting that low-level vegetation is not 
enough for drivers at high speeds. Landscapes with greater levels of green-
ness, such as those with a vertical outline of trees, are far more restorative.

Third, it is crucial to keep the content of green landscapes simple to maxi-
mize their positive impact on drivers’ mental status. Too much visual com-
plexity (in terms of tree species variety, spacing, and size) might counteract 
the benefits of greenness for people driving vehicles at high speeds. However, 
this does not necessarily mean landscapes should be monotonous and formal, 
as roadside landscapes that are too monotonous have been found to lead to 
boredom and fatigue (Thiffault & Bergeron, 2003). More research needs to 
be done to find the optimal levels of complexity and greenness for freeway 
landscapes.
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Directions for Future Research

In this study, we measured the impact of six of the most representative 
freeway landscapes on drivers’ mental status during a 90-minute simulated 
driving test. We did not examine other types of landscapes, such as combina-
tions of shrubs and trees, flowers, landscapes with diverse colors, and land-
scapes during different seasons. More research is needed to examine these 
different landscape characteristics. In addition, the duration of the drive 
might also impact mental status, which needs to be examined further.

Our experiment consisted of a 90-minute driving simulation along an 
urban freeway loop, but our simulation did not include complex traffic situa-
tions that often occur in actual freeway environments, such as tailgating, 
aggressive drivers, construction zones, and complicated lane changes (He 
et al., 2014, 2015). We also did not consider other types of freeway layouts. 
Future research should create more realistic driving conditions with higher 
complexity and different freeway layouts to increase the validity and gener-
alizability of the findings (Farahmand & Boroujerdian, 2018; Oron-Gilad & 
Ronen, 2007). Future research could also find ways to measure drivers’ 
mental status in real driving conditions. In order to further strengthen the 
applicability of the findings, future studies should investigate the similarities 
and differences between driving in simulated and real urban freeways. 
Nevertheless, many studies have reported that simulated urban environments 
are often reliable surrogates for real ones (Browning et al., 2020).

This study used common landscape species and settings from the major 
cities in the north temperate zone. It might be inappropriate to directly apply 
these findings to major cities in other climate zones, rural areas, or low- 
density urban areas with different appearance and configuration of green 
landscapes and artificial environments. This study should be duplicated for 
other types of physical environments to enhance its generalizability. In addi-
tion, this study only tested landscapes with green and full foliage; future 
research should examine the same issue with consideration for seasonal dif-
ferences of natural landscapes (Brooks et al., 2017).

Finally, researchers should explore other ways of experiencing high-speed 
environments. Many people experience roadside landscapes as passengers in 
other people’s cars, taxis, buses, or trains and do not experience the cogni-
tively demanding task of driving. These “passive” passengers’ experience the 
landscape differently than “active” drivers who must process information and 
make rapid decisions. Moreover, automated driving technologies might free 
people’s attention from driving tasks, which will likely change how people 
respond to roadside landscapes (Farahmand & Boroujerdian, 2018). Future 
researchers should explore these passive ways of experiencing high-speed 
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environments and examine the interactive impacts of speed and landscape on 
humans’ mental status.

Conclusion

This study is an initial effort to understand the impacts of freeway landscapes 
on drivers’ mental status. Through an experiment examining people’s self-
reported mental responses to six common freeway landscapes during a pro-
longed driving simulation, we provide strong evidence that landscapes along 
freeways significantly impact drivers’ mental status. The within-subjects 
design gives more statistical power to the findings than many previous 
between-subjects studies or correlation studies.

Our results show that freeway landscapes are an essential part of freeway 
infrastructure with measurable mental restoration benefits. Designers should 
note the trade-off effect of greenness and complexity. They can maximize 
landscapes’ mental health benefits by making them have more greeness and 
less complexity. Creating restorative freeway landscapes can promote health 
and safety for hundreds of millions of freeway drivers and passengers world-
wide. Finally, the most significant contribution of this study might be it 
extends Attention Restoration Theory and Stress Reduction Theory to land-
scapes that are experienced while driving at high speeds, suggesting the 
speed of human’s active movement should be considered as an essential 
factor in these two theories.
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