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Behavioral studies suggest that immersion in nature improves affect and executive attention. 
However, the neural mechanisms underlying these benefits remain unclear. This randomized controlled 
trial (N = 92) explored differences in self-reported affect and in frontal midline theta (FMθ), a neural 
oscillation linked to executive attention, between a 40-min, low-intensity nature walk and an urban 
walk of comparable time and distance—controlling for ambient temperature, humidity, elevation 
change, walking pace, heart rate, calories burned, and moving time between the two groups. While 
affect improved for both groups, the nature walkers showed a significantly greater boost in positive 
affect than the urban walkers. Electroencephalography (EEG) data revealed significantly greater FMθ 
activity following the urban walk compared to the nature walk, suggesting that the urban walk placed 
higher demands on executive attention. In contrast, the nature walk allowed executive attention to 
rest, as indicated by the lower FMθ activity observed after the walk. This study suggests that changes 
in FMθ may be a potential neural mechanism underlying the attentional strain of urban environments 
in contrast to the attentional rest in nature.
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Our brains are products of the environments in which they develop and exist. Many of our sensory, motor, and 
cognitive processes develop over time through interaction with our physical environment. In fact, some argue 
that our surroundings have such a profound effect on our brains and behavior that we cannot study cognition 
without considering our physical environment1. This idea forms the basis of the emerging field of environmental 
neuroscience, which bridges the gap between environmental psychology and cognitive neuroscience to explore 
the interaction between physical environments, the brain, and behavior—with the goal of understanding how 
our day-to-day environments can be enriched to improve both psychological and physiological well-being.

More than 55% of people reside in urban areas worldwide, with this number growing steadily and expected 
to reach 70% by 20502. In the United States, 80% of the population currently resides in urban areas3. While 
urban living often offers greater access to education, healthcare, and other cultures, many qualities of these 
environments negatively impact health and cognition. For example, population-based cohort studies have 
linked qualities of urban environments (such as low greenspace and high air pollution) to increased rates of 
depression4, anxiety5, and attention disorders6–8. Furthermore, chronic health conditions like cardiovascular 
disease, high blood pressure, and obesity are disproportionately common in cities9. Thus, researchers from 
multiple disciplines have allocated considerable effort to exploring the potential benefits of exposure to nature to 
combat some of the detriments of our day-to-day urban environments and improve physical and mental health.

Behavioral studies have revealed that exposure to nature confers cognitive benefits, including but not limited 
to enhancing executive attention10,11, mood12, and creativity13. Furthermore, immersion in nature has been 
linked to physical health benefits by encouraging exercise14, improving immune function15, aiding in recovery 
from stress16,17, and lowering blood pressure18. Beyond these documented cognitive and physical health benefits, 
exposure to nature serves as a communal area where people gather, fostering social interactions and a sense of 
community coupled with a reduced sense of loneliness19. These findings hold promise for a low-cost lifestyle 
intervention to improve human health and well-being;  however, as this health intervention gains popular 
interest and traction, there is an ever-growing need to understand the biological mechanisms underlying these 
benefits20.

The current study leverages methods from cognitive neuroscience to understand the influence of immersion 
in nature on the brain, particularly as it relates to the documented attentional benefits. This work is grounded in 
Attention Restoration Theory (ART)21, which posits that our modern, urban environments strain our attention 
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by bombarding us with many competing stimuli at once, forcing us to select task-relevant information and ignore 
task-irrelevant information. This type of flexible, effortful control is highly demanding and, over time, can lead to 
mental fatigue and impairments in control processes such as self-regulation and executive functioning22. Natural 
environments, ART proposes, engage our attention in a less demanding way. Rather than the constant task-
switching and information filtering that is required in urban environments, natural environments are engaging 
to look at, but in a way that does not place much demand on executive attention resources. This provides relief 
for our executive attention, allowing it to rest and be replenished, leading to a subsequent improvement in 
executive attention capacity.

These theoretical claims have been validated by behavioral evidence indicating that performance on executive 
attention tasks improves after exposure to nature10,11. The reasoning is that executive attention networks in the 
brain, having had the opportunity to rest during nature exposure, become more effective when re-engaged for 
subsequent cognitive tasks, resulting in enhanced task performance compared to before the nature exposure or 
compared to exposure to a control, urban environment. Therefore, in most prior work, participants complete 
computer-administered cognitive tasks such as the Flanker Task23 or the Attention Network Task24 before and 
after exposure to nature to quantify changes in executive attention performance in a standardized and highly 
controlled manner. While this approach has the strength of linking behavioral performance to underlying neural 
metrics, it also introduces a theoretical conundrum such that completing an artificial cognitive task may disrupt 
the process of cognitive restoration that we seek to understand in the first place. In other words, there is a 
level of artificiality to this approach that confounds the brain’s spontaneous response to immersion in nature. 
The current study overcomes this limitation by measuring a neural signature of executive attention at rest to 
better understand the biological mechanisms that underlie restoration without the confound of task-related 
interference. In doing so, we aim to minimize external influences and improve the ecological validity of the 
findings, making results more applicable to real-world experiences and practical applications for cognitive 
health.

In a single-blind, randomized controlled trial, we record resting brain activity using electroencephalography 
(EEG) before and after a 40-min nature walk and a control, urban walk of comparable time, distance, and 
elevation change. The EEG signal is comprised of oscillations that reflect the synchronized activity of large groups 
of neurons in the brain. Using various signal-processing techniques, these oscillations can be separated into 
different frequency bands (e.g., delta [2–4 Hz], theta [4–8 Hz], alpha [8–12 Hz], beta [15–30 Hz], gamma [30–
150 Hz]) that are each involved in different cognitive processes25. We specifically focus on power in the frontal 
midline theta (FMθ) frequency band, which refers to theta oscillations (4–8 Hz) recorded from scalp electrodes 
placed over the frontal cortex. Importantly, FMθ oscillations are thought to reflect neural activity generated from 
the dorsal anterior cingulate cortex (dACC)26—a region of the brain highly implicated in executive attention. 
The dACC interacts with the prefrontal cortex to regulate attention and prioritize goal-relevant information. It 
is involved in allocating attentional resources based on task demands and goals, especially in situations where 
attention needs to be focused amidst competing stimuli or distractions. FMθ has been extensively linked to 
attention and effort such that FMθ increases with increases in task difficulty and working memory load27. 
Overall, FMθ serves as a neural signature of the dynamic interplay of the dACC and associated brain networks in 
attention allocation procedures, providing insight into the underlying neural mechanisms of executive attention.

In line with Attention Restoration Theory and the mounting behavioral evidence in support of it, we 
hypothesized that immersion in nature would place less demand on executive attention, resulting in lower FMθ 
associated with the 40-min nature walk compared to the urban walk. We expected this decrease in FMθ to be 
complemented by positive changes in affect associated with the nature walk—one of the most reliable findings 
in the nature and cognition literature12.

Methods and materials
This research complied with the APA Code of Ethics and was approved by the University of Utah Institutional 
Review Board. Informed consent was obtained from each participant and the reported methods were performed 
in accordance with relevant guidelines and regulations of this institution.

Participants
Participants (N = 92; 71 female, 20 male, 1 gender non-binary; 80% White, 10% Asian, 7% Latinx/Hispanic, 
3% Black) between the ages of 18 and 57 (M = 29.43, SD = 10.52) were recruited from the University of Utah 
Department of Psychology research participant pool (23% of sample) as well as from the greater Salt Lake City 
community (77% of sample). While university-affiliated participants were considered a sample of convenience, 
we recruited from the broader community to increase the generalizability of the results. Participants were 
informed that they would have their brain activity recorded before and after a 40-min, low-intensity walk, but 
they were not informed that there were two walking conditions at any point during recruitment or participation. 
University participants received course credits for their participation and community participants received $50 
USD. All participants reported normal or corrected-to-normal vision, getting at least 6  h of sleep the night 
before, having no known neurological conditions, and being physically capable of walking for 40-min at a 
comfortable pace (~ 20 min/mile).

The sample size for this study was determined by an a priori power analysis conducted in PANGEA v0.228. 
The analysis indicated that having 43 participants in each condition (for a total of 86 participants) would 
provide sufficient statistical power at the recommended level of 0.80 to detect within-subject by between-group 
interactions with a medium effect size (Cohen’s d = 0.50). This effect size was chosen based on prior literature 
that has identified medium-sized effects of nature exposure on neural activity23,24. To account for potential data 
loss, we collected data from an overestimate of 92 participants.
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One participant’s nature walk was disrupted by rain, ending their testing session early and rendering their 
post-walk affect score and EEG recording unavailable for analysis. Another participant’s EEG data exhibited 
poor data quality suggesting that either the reference or ground electrode was not properly secured on the scalp, 
rendering their EEG data unusable. Therefore, the final affect analyses were run on 92 baseline measurements 
(46 nature, 46 urban), 92 pre-walk measurements (46 nature, 46 urban), and 91 post-walk measurements (45 
nature, 46 urban). The final EEG analyses were run on 91 baseline measurements (45 nature, 46 urban), 91 pre-
walk measurements (45 nature, 46 urban), and 90 post-walk measurements (44 nature, 46 urban).

Positive and negative affect schedule
The 20-item Positive and Negative Affect Schedule (PANAS)29 assessed momentary (state) affect along positive 
and negative dimensions and was administered via Qualtrics on an iPad. Participants were presented with 20 
words (e.g., “excited”, “distressed”, “scared”, “strong”) and instructed to rate how much they felt that word in the 
present moment on a scale of 1–5 (1 being “very slightly or not at all” and 5 being “extremely”). A total score for 
self-reported negative affect was calculated by adding the scores for the ten negatively valanced items, and a total 
score for positive affect was calculated by adding the scores for the ten positively valanced items.

Depletion task
A counting backwards task used to induce high cognitive load30–33 was administered as a cognitive depletion 
manipulation prior to participants’ walk. This was intended to experimentally recreate the state of mental fatigue 
from which individuals may seek restoration in nature21. This task has been utilized as a depletion task in the 
nature and cognition literature before32,34. For this task, participants were instructed to count backward from 
1000 to 0 by 7’s for 10 min. Participants counted out loud (as opposed to in their head) so that the researcher 
could ensure they were doing the task.

Manipulation check questions related to fatigue, effort, pleasantness, and frustration were administered 
via Qualtrics on an iPad immediately following the depletion task. These manipulation check questions were 
adopted from Bray and colleagues35 and consisted of four, 7-point Likert-scale questions: “how tired do you 
feel after completing this task?”, “how much effort did you exert while performing this task?”, “how pleasant did 
you find performing this task?”, and “how frustrated did you feel while performing this task?”. These questions 
ensured that participants were, in fact, depleted by the task and that reported levels of depletion were comparable 
across the nature and urban conditions. As expected, the two conditions did not significantly differ on any of the 
four questions (tiredness, t(90) = − 0.39, p = 0.700, 95% CI [− 0.80, 0.54]; effort, t(90) = 0.57, p = 0.571, 95% CI 
[− 0.38, 0.68]; pleasantness, t(90) = 1.43, p = 0.157, 95% CI [− 0.17, 1.04]; frustration, t(90) = − 0.32, p = 0.750, 
95% CI [− 0.94, 0.68]).

Procedure
Procedural steps of the study can be visualized in Fig. 1. Upon arrival to the laboratory, participants completed 
a demographic questionnaire while the EEG cap and electrodes were set up. Participants then completed the 
PANAS to capture baseline levels of affect, followed by a 2-min baseline resting EEG recording. Participants 
then completed the 10-min counting backwards depletion task followed by the four manipulation check 
questions. After the depletion manipulation, participants completed a second 2-min resting EEG recording and 
PANAS survey. We then randomly assigned participants to walk for 40-min in either a natural environment (46 
participants) or an urban environment (46 participants) of comparable time, distance, and elevation change. 
After the walk, participants returned to the lab and completed the PANAS for a third time followed by their third 
and final 2-min resting EEG recording. The nature walk took place in Red Butte Garden and Arboretum at the 
University of Utah and the urban walk took place on the adjacent medical campus. Both walking routes departed 
from the EEG recording laboratory (located in the Kay and Zeke Dumke, Jr. Horticultural Operations Center at 
the University of Utah), but in opposite directions. On their walk, participants wore a Garmin Forerunner 45S 

Fig. 1. Study procedure.
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watch for GPS, time, pace, elevation, and distance tracking as well as a GoPro HERO 7 video camera to verify 
that they followed the correct route.

Walk and environmental characteristics
Both groups completed a ~ 40-min, low-intensity walk, covering approximately two miles. Participants 
maintained an average pace of ~ 20 min per mile (see Table 1), which is consistent with the classification of 
low-intensity physical activity according to the American College for Sports Medicine’s Guidelines for Exercise 
Testing and Prescription36 and existing literature37. To further ensure the two walk conditions were matched on 
exercise-related metrics and various environmental characteristics, the Garmin Forerunner 45S watch tracked 
exercise metrics and researchers recorded the temperature, wind speed, and humidity while participants were on 
their walks. Descriptive statistics for each metric can be seen in Table 1.

EEG recording and processing
EEG data were collected via a 32-channel, active electrode actiCap manufactured by BrainVision (BrainVision 
Systems, Morrisville, NC, USA). Channel locations were consistent with the International 10–20 system38 and 
impedances were kept below 25 kOhms. The signal was amplified with the BrainVision actiCHamp Plus amplifier 
with an online sampling rate of 500 Hz and the signal was acquired by BrainVision Recorder (Version 1.20.0601). 
The right mastoid electrode (TP10) served as the online reference. Vertical electrooculographic (VEOG) activity 
was recorded with two auxiliary electrodes manufactured by BrainVision, placed above and below the right eye, 
in line with the middle of the pupil, to record participant blinks and eye movements for later data processing.

During each resting EEG recording, participants were instructed to simply sit still and keep their eyes open 
for 2-min. A black fixation cross on a grey background remained in the middle of the screen for the duration of 
each recording. This fixation cross served to remind the participant to keep their eyes open and facing forward 
for the duration of the 2-min. EEG was also recorded during the counting backwards depletion task to serve as 
a manipulation check that FMθ power is positively correlated with increases in cognitive workload. During this 
recording, participants were instructed to count out loud so that the researcher could ensure they were doing 
the task correctly, but to do so without excessive face or jaw movement so as to not introduce extreme muscle 
artifacts into the EEG recording.

EEG data were processed offline in MATLAB using the EEGLab39 and ERPLab40 toolboxes. Data were 
downsampled to 250 Hz and band pass filtered from 0.1 to 30 Hz with a Butterworth filter and a roll-off of 12 dB/
octave. Data were re-referenced offline to the average of the left (TP9) and right (TP10) mastoid electrodes. 
Artifacts created by eye movements and blinks were corrected using Gratton et al.'s41 eye movement correction 
procedure (EMCP)42,43. Subsequent artifact rejection was performed using a moving window to reject sections of 
data containing flatlines or peak-to-peak activity greater than 200 μV40. On average, 4.76% of data was lost after 
this artifact correction and rejection procedure: 2.08% at baseline rest recording, 12.40% during the depletion 
task, 2.19% at the pre-walk rest recording, and 2.37% at post-walk rest recording.

Artifact-free, continuous data from each recording were epoched into 1-s intervals using a Hanning window. 
We used a Fast Fourier Transform25 to convert the artifact-free data from the time domain to the frequency 
domain, and the average power at each frequency from 1 to 30 Hz was extracted for each EEG recording. The 
average power from 4 to 8 Hz at the series of frontocentral electrodes (Fp1, F3, Fz, F4, FC1, FC2, C3, Cz, C4, 
CP1, CP2, Fp2) was used to quantify FMθ power25.

Statistical analyses
Analyses were conducted in R version 4.0.244. Descriptive statistics for all outcomes were extracted using the 
describeBy( ) function in the psych package. Data were analyzed with linear mixed effects models45 to control for 
non-independence in the data (i.e., repeated measures within each participant) and any potential missingness in 
the data (i.e., if a participant was missing data from any time point). For each dependent measure (positive affect, 
negative affect, and FMθ), we ran three models with Participant ID as a random intercept. These three models 

Nature Urban

Mean SE Mean SE

Distance (miles) 1.93 0.02 1.99 0.01

Moving time (min:sec) 42:19 00:36 39:10 00:20

Pace (min:sec/mile) 23:25 00:20 20:00 00:11

Avg. Heart rate 108.24 2.40 110.41 2.22

Max. Heart rate 131.71 2.60 137.26 2.72

Calories burned 217.27 6.75 199.85 6.01

Total ascent (ft) 146.00 7.44 123.37 11.31

Total descent (ft) 138.62 7.84 132.52 8.75

Temperature (°F) 74.36 1.92 72.28 1.86

Humidity (%) 29.84 1.85 30.52 1.72

Wind speed (mph) 8.31 0.80 8.20 0.63

Table 1. Descriptive statistics (mean and standard error) of exercise metrics generated from the Garmin GPS 
watch and environmental characteristics as a function of walk condition.
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tested a fixed effect of condition (nature, urban), a fixed effect of time (baseline, pre-walk, post-walk), and the 
interaction between the two to test whether any changes over time significantly differed between the two walking 
conditions. Statistical inference on fixed effects was conducted using separate likelihood ratio tests for each 
parameter, computed using the mixed( ) function from the afex package46. For follow-up tests, we calculated 
pairwise contrasts on the estimated marginal means (also known as least-squares means) using the pairs( ) 
function from the emmeans packages47 with a Tukey adjustment to account for multiple comparisons. Scalp map 
visualizations were created in Python using the plot_topomap( ) function in the mne software48.

Results
Self-reported affect
Descriptive statistics from the PANAS as a function of time (baseline, pre-walk, and post-walk) and condition 
(nature and urban) are presented in Table 2 and visualized in Fig. 2. Linear mixed effects models were run to test 
the main effect of time, main effect of condition, and the interaction between the two. In terms of positive affect, 
there was a significant main effect of time (χ2(2) = 122.95, p < 0.001) but no main effect of condition (χ2(1) = 2.06, 
p = 0.152). These effects were qualified by a significant interaction between time and condition (χ2(2) = 9.11, 
p < 0.05). We explored this interaction by calculating contrasts between the estimated marginal means. The 
pairwise comparison results can be seen in the top panel of Table 3. These post-hoc contrasts revealed that both 
the nature and urban condition showed a decrease in positive affect from baseline to pre-walk followed by an 
increase in positive affect from pre-walk to post-walk. However, the increase in positive affect after the walk was 
significantly greater for the nature condition compared to the urban condition.

Fig. 2. PANAS results. Average positive (left) and negative (right) affect scores as a function time and 
condition. Error bars represent one standard error of the mean. Although each subscale of the PANAS has a 
possible score range from 10 to 50, the figure is only displayed up to a score of 35 to focus on the range where 
the average scores are observed, making the differences between groups more visible and easier to interpret.

 

Nature Urban

Positive affect

 Baseline 31.39 (1.20) 30.39 (1.11)

 Pre-walk 24.26 (1.26) 23.07 (1.12)

 Post-walk 32.98 (1.36) 28.80 (1.24)

Negative affect

 Baseline 11.83 (0.35) 12.43 (0.36)

 Pre-walk 12.35 (0.49) 13.26 (0.67)

 Post-walk 10.78 (0.21) 11.30 (0.27)

FMθ power (μV2/Hz)

 Baseline 1.96 (0.06) 2.07 (0.06)

 Depletion 3.41 (0.16) 3.58 (0.15)

 Pre-walk 2.41 (0.12) 2.34 (0.12)

 Post-walk 2.26 (0.09) 2.99 (0.13)

Table 2. Descriptive statistics. Positive affect, negative affect, and FMθ descriptive statistics (mean and 
standard error) as a function of time and condition.
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In terms of negative affect, there was a significant main effect of time (χ2(2) = 24.77, p < 0.001) but no main 
effect of condition (χ2(1) = 2.51, p = 0.113) nor a significant interaction between the two (χ2(2) = 0.32, p = 0.850). 
The pairwise comparison results can be seen in the middle panel of Table 3. Post-hoc contrasts revealed that 
there was no significant change in negative affect from baseline to pre-walk, but there was a significant decrease 
in negative affect from pre-walk to post-walk, and post-walk negative affect was even significantly lower than 
baseline. This pattern held for both the nature condition and the urban condition.

Frontal midline theta power
FMθ descriptive statistics as a function of time (baseline, depletion, pre-walk, and post-walk) and condition 
(nature and urban) are reported in Table 2 and visualized in Fig. 3. EEG scalp maps as a function of time and 
condition are presented in Fig. 4.

Linear mixed effects models were run to test the main effect of time, main effect of condition, and the 
interaction between the two. There was a significant main effect of time on FMθ power (χ2(3) = 235.52, p < 0.001). 
Follow-up comparisons exploring this main effect of time revealed that FMθ significantly increased from baseline 
to during the depletion task (Baseline—Depletion: difference estimate = −  1.48, z = −  14.88, p < 0.001), and 

Contrast Dif. Est df t p 95% CI

Positive affect model post-hoc contrasts

 Nature: baseline—pre-walk 7.13 179 7.86  < 0.001*** [4.99, 9.28]

 Urban: baseline—pre-walk 7.33 179 8.07  < 0.001*** [5.18, 9.47]

 Nature: baseline—post-walk − 1.89 179 − 2.06 0.100 [− 4.05, 0.27]

 Urban: baseline—post-walk 1.59 179 1.75 0.190 [− 0.56, 3.73]

 Nature: pre-walk—post-walk − 9.02 179 − 9.86  < 0.001*** [− 11.18, − 6.86]

 Urban: pre-walk—post-walk − 5.74 179 − 6.32  < 0.001*** [− 7.88, − 3.59]

 Baseline: nature—urban 1.00 132 0.58 0.563 [− 2.41, 4.41]

 Pre-walk: nature—urban 1.20 132 0.69 0.490 [− 2.22, 4.61]

 Post-walk: nature—urban 4.48 133 2.59  < 0.05* [1.05, 7.90]

Negative affect model post-hoc contrasts

 Baseline—Pre-walk − 0.67 181 − 1.94 0.131 [− 1.50, 0.15]

 Baseline—Post-walk 1.10 181 3.14  < 0.01** [0.27, 1.92]

 Pre-walk—Post-walk 1.77 181 5.07  < 0.001*** [0.95, 2.60]

Contrast Dif. Est df z p 95% CI

FMθ model post-hoc contrasts

 Nature: baseline—depletion − 1.45 Inf − 10.30  < 0.001*** [− 1.82, − 1.09]

 Urban: baseline—depletion − 1.51 Inf − 10.78  < 0.001*** [− 1.86, − 1.15]

 Nature: baseline—pre-walk − 0.45 Inf − 3.17  < 0.01** [− 0.81, − 0.08]

 Urban: baseline—pre-walk − 0.27 Inf − 1.94 0.212 [− 0.63, 0.09]

 Nature: baseline—post-walk − 0.28 Inf − 1.97 0.201 [− 0.65, 0.09]

 Urban: baseline—post-walk − 0.92 Inf − 6.59  < 0.001*** [− 1.28, − 0.56]

 Nature: depletion—pre-walk 1.01 Inf 7.13  < 0.001*** [0.64, 1.37]

 Urban: depletion—pre-walk 1.23 Inf 8.85  < 0.001*** [0.88, 1.59]

 Nature: depletion—post-
walk 1.17 Inf 8.26  < 0.001*** [0.81, 1.54]

Urban: depletion—post-walk 0.59 Inf 4.19  < 0.001*** [0.23, 0.94]

Nature: pre-walk—post-walk 0.17 Inf 1.18 0.643 [− 0.20, 0.53]

Urban: pre-walk—post-walk − 0.65 Inf − 4.65  < 0.001*** [− 1.01, − 0.29]

Baseline: nature—urban − 0.11 Inf − 0.36 0.717 [− 0.73, 0.50]

Depletion: nature—urban − 0.17 Inf − 0.53 0.597 [− 0.78, 0.45]

Pre-walk: nature—urban 0.06 Inf 0.20 0.841 [− 0.55, 0.68]

Post-walk: nature—urban − 0.75 Inf − 2.41  < 0.05* [− 1.37, − 0.14]

Table 3. Pairwise post-hoc contrasts for the three univariate models. The top panel reports the positive affect 
results generated from the PANAS. The middle panel reports the negative affect results generated from the 
PANAS. The bottom panel reports the FMθ results. *p < 0.05, **p < 0.01, ***p < 0.001. Significant values are 
in bold. The transition from t-values to z-values in the pairwise comparisons for the FMθ model indicates 
that the sample size is sufficiently large for the Central Limit Theorem to apply (achieved by estimating values 
across a series of frontocentral electrodes in the FMθ analysis), allowing the use of normal approximations. In 
this context, the degrees of freedom reported as Inf signifies that the sample size is large enough to produce 
stable estimates, justifying the asymptotic approach. Thus, the z-values reflect a more precise estimation of the 
differences between conditions under these circumstances. For more information, see Lenth et al.47.
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significantly decreased from the depletion task to pre-walk (Depletion—Pre-walk: difference estimate = 1.12, 
z = 11.28, p < .001). This validates the point that FMθ increases during engagement of executive attention 
resources (i.e., during the depletion task). Importantly, FMθ remained significantly elevated above baseline at 
the pre-walk recording (Baseline—Pre-walk: difference estimate = -0.36, z = -3.60, p < .01), substantiating two 
key points: 1) that participants entered their walk in a state of mental fatigue (i.e., elevated FMθ power at pre-
walk relative to baseline), validating the intended effect of the depletion manipulation. Secondly, the sustained 
elevation of resting FMθ above baseline after the depletion task underscores the enduring, or residual, impact of 
attentionally-demanding activities—even after the brain returns to rest. There was no main effect of condition 
on FMθ power (χ2(1) = 0.72, p = 0.396). These effects were qualified by a significant interaction between time 
and condition (χ2(3) = 18.94, p < 0.001). We explored these effects by calculating contrasts between the estimated 
marginal means. The pairwise comparison results can be seen in the bottom panel of Table 3. Post-hoc contrasts 
revealed that both the nature and urban conditions displayed a significant increase in FMθ power from baseline 
to during the depletion task, followed by a significant decrease in FMθ power after the depletion task (at the 
pre-walk rest recording). Importantly, the urban condition displayed a significant increase in FMθ power from 
pre-walk to post-walk while the nature condition did not.

Fig. 4. EEG scalp topography maps. Left: Theta power (4–8 Hz; μV) distribution over the scalp as a function of 
time and condition. Right: Difference scalp topography map (urban–nature; μV) between the two conditions at 
post-walk, the time point in which the two conditions showed a significant difference in FMθ power.

 

Fig. 3. FMθ results. FMθ power (μV2/Hz) as a function of time and condition. Error bars represent one 
standard error of the mean.

 

Scientific Reports |        (2024) 14:27253 7| https://doi.org/10.1038/s41598-024-78508-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Exploratory analyses
To better understand the relationship between changes in affect and FMθ in nature, we ran Pearson’s r correlations 
between the change in positive and negative affect (computed as the difference between pre-walk and post-
walk scores) and the change in FMθ power (computed as the difference between pre-walk and post-walk FMθ). 
There was no significant correlation between change in positive affect and change in FMθ power (r(88) = − 0.05, 
p = 0.662) nor between change in negative affect and change in FMθ power (r(88) = 0.07, p = 0.535). This suggests 
that nature’s influence on affect and attention arise from independent mechanisms, replicating the findings of 
previous work49,50.

We also explored a series of covariates that may have played a role in one’s experience on their walk, including 
participant age, ambient temperature, and exact distance walked. We did so by adding each of these continuous 
variables as fixed effects (one at a time) into each univariate model, allowing us to test whether the changes 
in positive affect, negative affect, and FMθ power persist even after statistically controlling for each of these 
variables. After controlling for participant age, the significant main effect of time on positive affect (χ2(2) = 123.86, 
p < 0.001) and the significant interaction between time and condition on positive affect (χ2(2) = 9.44, p < 0.01) 
persisted. Additionally, the significant main effect of time on negative affect (χ2(2) = 25.03, p < 0.001) persisted 
and the lack of significant interaction between time and condition on negative affect (χ2(2) = 0.30, p = 0.859) 
remained. Lastly, the significant main effect of time (χ2(3) = 235.53, p < 0.001) and the significant interaction 
between time and condition on FMθ (χ2(3) = 19.02, p < 0.001) also persisted. This suggests that nature influences 
affect and FMθ above and beyond the role that participant age may play.

After controlling for ambient temperature, the significant main effect of time on positive affect (χ2(2) = 123.15, 
p < 0.001) and the significant interaction between time and condition on positive affect (χ2(2) = 9.39, p < 0.01) 
persisted. Additionally, the significant main effect of time on negative affect (χ2(2) = 25.02, p < 0.001) persisted 
and the lack of significant interaction between time and condition on negative affect (χ2(2) = 0.26, p = 0.878) 
remained. Lastly, the significant main effect of time (χ2(3) = 234.35, p < 0.001) and the significant interaction 
between time and condition on FMθ (χ2(3) = 18.69, p < 0.001) also persisted. This suggests that nature influences 
affect and FMθ above and beyond the role that ambient temperature may play.

After controlling for distance walked, the significant main effect of time on positive affect (χ2(2) = 123.15, 
p < 0.001) and the significant interaction between time and condition on positive affect (χ2(2) = 9.39, p < 0.01) 
persisted. Additionally, the significant main effect of time on negative affect (χ2(2) = 25.02, p < 0.001) persisted 
and the lack of significant interaction between time and condition on negative affect (χ2(2) = 0.26, p = 0.878) 
remained. Lastly, the significant main effect of time (χ2(3) = 234.35, p < 0.001) and the significant interaction 
between time and condition on FMθ (χ2(3) = 18.69, p < 0.001) also persisted. This suggests that nature influences 
affect and FMθ above and beyond the role that the distance walked may play.

Discussion
This randomized controlled trial explored the influence of immersion in nature on affect and resting oscillatory 
activity in the brain. Mounting evidence suggests that exposure to nature enhances executive attention, though 
the underlying neural mechanisms driving this effect remain unknown. Attention Restoration Theory (ART)21 
proposes that qualities of natural environments engage executive attention in a less demanding way than urban 
environments, allowing our attentional resources to rest and recover, which in turn leads to improved attentional 
performance when attention is required again. In this study, we measured changes in self-reported affect and in 
a neural signature of executive attention (FMθ) associated with a 40-min walk in nature versus an urban walk 
of comparable time and distance. We hypothesized that participants who walked in nature would show greater 
improvements in affect and lower FMθ than participants who walked in the urban environment, indicative of 
less attentional demand placed on individuals walking in nature.

Participants self-reported their levels of positive and negative affect at three time points: baseline, before 
their walk (after the depletion task), and after their walk. Results confirm that while both conditions decreased 
in negative affect and increased in positive affect after their walk, the boost in positive affect was significantly 
greater for the nature walkers compared to the urban walkers. Exploratory analyses revealed that these effects 
persisted even after statistically controlling for participant age, ambient temperature, and distance walked. It is 
likely that both conditions showed mood improvements after the walk due to relief from mental depletion and to 
the 40-min of low-intensity exercise (for a review of the mood benefits associated with exercise see Chan et al.51). 
However, the nature walkers likely showed a greater boost in positive affect due to specific qualities of natural 
environments above and beyond simply exercise. For example, it is possible that the sights, scents, and sounds 
unique to nature may be more aesthetically pleasing than urban equivalents, and this appreciation for beauty 
may have enhanced positive affect to a greater degree for the nature walkers compared to the urban walkers. 
This would be supported by the environmental aesthetics literature, which proposes that the aesthetic qualities 
of nature evoke positive emotions such as awe, tranquility, and happiness52,53. It is also possible that the nature 
walk allowed for a greater sense of “being away” from the daily grind and routine of urban life more so than 
the urban walk did, thus exhibiting a stronger impact on positive affect. This would be supported by Attention 
Restoration Theory21, which underscores the necessity of disengaging from the demands of our daily routines—
both mentally and physically—to improve mood and promote restoration.

The EEG findings confirm that resting FMθ power serves as a robust neural marker that differentiates 
between immersion in natural and urban environments. Participants underwent EEG recordings at four 
timepoints: baseline (resting EEG), during the depletion task (task-related EEG), before their walk (resting 
EEG), and after their walk (resting EEG). As expected, there was a significant increase in FMθ from baseline to 
during the depletion task (see Figs. 3 and 4), confirming that FMθ increases with the effortful engagement of 
executive attention27. Following the depletion task, FMθ levels declined while remaining elevated above baseline 
(see Figs. 3 and 4). This observation substantiates two key points: First, participants entered their walk in a state 
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of mental fatigue (relative to baseline), validating the intended effect of the depletion manipulation. Second, the 
sustained elevation of resting FMθ above baseline after the depletion task underscores the enduring, or residual, 
impact of attentionally-demanding activities—even after the brain returns to rest. This is an important point that 
we return to in our interpretation of the post-walk FMθ results.

Consistent with our hypotheses, we observed a notable difference in post-walk FMθ power between 
conditions such that urban walkers exhibited significantly greater FMθ power after their walk than nature walkers 
did. We interpret these post-walk, resting FMθ recordings as indicative of lingering brain activity following the 
walk experience. In other words, immersion in the urban environment imposed greater demands on executive 
attention resources, as participants navigated through construction zones, pedestrian traffic, vehicular hazards, 
and other typical urban sensory inputs like artificial sights, sounds and scents21. The enduring elevation of resting 
FMθ recorded back in the laboratory following the urban walk may suggest residual effects of this cognitively 
demanding experience on this neural signature of executive attention. In contrast, the nature walk was devoid of 
such demanding, artificial stimuli; rather, participants walked on trails lined with green foliage, a trickling creek 
and waterfall, and a pond with fish and ducks21. The relative absence of executive attentional demands in nature 
would have afforded these cognitive resources a respite, reflected as lower FMθ levels recorded immediately 
following the walk. This conclusion is further supported by recent vision science work suggesting that processing 
the low-level features of nature scenes consumes fewer cognitive resources than processing urban scenes54. For 
example, nature scenes typically contain fewer strong edges and have a larger proportion of their spectral energy 
in high-frequencies compared to urban scenes, both of which demand less cognitive effort for the visual system 
to process55,56. Therefore, we conclude that the significantly lower FMθ following the nature walk compared 
to the urban walk reflects the attentional respite afforded in nature. While not tested in this study, we theorize 
that this attentional rest would subsequently facilitate enhanced executive attention capacity when tasked with 
coming back online via administration of a task, as shown in prior work24.

Importantly, these FMθ differences between environments cannot be attributed to exercise alone, as both 
groups walked the same distance, for the same amount of time, on routes with comparable elevation profiles. 
Furthermore, the groups were matched on exercise-related metrics such as average heart rate, calories burned, 
and pace as well as nuisance environmental variables such as temperature, humidity, and wind speed (see Table 
1). In a series of exploratory analyses, we explored the role that participant age, ambient temperature, and 
distance walked may have played in driving post-walk differences in FMθ—three variables that may potentially 
influence a participant’s experience on their walk. The significant interaction between time and condition on 
FMθ persisted even when statistically controlling for each of these potential nuisance variables, strengthening 
our conclusion that there is something unique about the characteristics of nature that differentially influence 
neural oscillations related to executive attention.

These results hold promise for future research to explore spontaneous changes in brain activity in response 
to immersion in nature. As previously discussed, prior research exploring the cognitive impacts of nature 
exposure require participants to engage in artificial computer tasks during or after the exposure to be able to 
index changes in task-related attentional performance23,24,57,58. We believe that requiring participants to engage 
in cognitively demanding tasks during or immediately after immersion in nature is likely to alter or disrupt the 
process of restoration and compromises the face validity of the work. The current study advances the literature 
by identifying an emergent signature of attention in nature by measuring the brain at rest, allowing for the 
observation of neural activity in a more authentic context, free from the influence of artificial task demands or 
external stimuli.

Given the reliable link between FMθ and executive attention in the cognitive neuroscience literature at 
large27, it is very likely that the post-walk condition differences in FMθ are linked to differences in attentional 
demand between the two environments. This conclusion is supported by both Attention Restoration Theory21 
and extensive behavioral evidence. However, it is possible that other unaccounted variables could be contributing 
to the changes in FMθ observed in this study. For example, condition differences in stress levels might play a role. 
Stress Recovery Theory59 complements Attention Restoration Theory by suggesting that natural environments 
promote recovery from stress. Although we did not measure or manipulate stress directly, it is possible that stress 
recovery occurs alongside attention restoration, a concept supported by a recent unified framework on nature-
based restoration presented by Scott and colleagues60. While we carefully controlled for many factors, caution 
is still warranted when interpreting the findings, as additional influences on FMθ beyond varying attentional 
demand may exist.

Future directions
We explored theta oscillations in frontal areas of the brain based on both theory and prior evidence surrounding 
the attention-related benefits of exposure to nature. However, future work should take a similar, randomized 
controlled trial approach to explore changes in other neural oscillations that may be sensitive to environmental 
conditions, such as alpha power (~ 8–12 Hz)61 or beta power (~ 12–35 Hz)62. Furthermore, investigating the 
synchronization between certain oscillations—such as the interaction between theta and alpha oscillations, as 
demonstrated by Chen et al.63—could reveal changes in functional connectivity associated with immersion in 
different environments.

Future research should also aim to extend the applicability of these findings to more diverse populations. 
Although our recruitment efforts included both a university-affiliated sample and members of the broader 
community to enhance the generalizability of the results, the demographic composition of our sample remained 
predominantly White, educated, and middle-aged. This limitation highlights the need for studies that include 
participants from a wider range of racial, socioeconomic, and age groups to better understand how these effects 
may vary across different backgrounds, lived experiences, cognitive baselines, and relationships to nature. By 
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broadening the demographic scope, we can ensure that the insights gained from this research are more inclusive 
and relevant to a wider segment of the population.

Future research could also expand on this study by utilizing recent advances in mobile, noninvasive 
neuroimaging technologies to more precisely capture oscillatory activity during real-time immersion in 
nature64, rather than relying solely on a pre-post design as we do in this study. This approach could be applied to 
participants while they sit or walk in natural versus urban environments, offering deeper insights into the neural 
correlates of environmental exposure. While EEG is particularly sensitive to muscle activity generated from 
movement, advancements in artifact correction procedures (e.g., independent components analysis65) make 
it increasingly possible to extract meaningful information in real-world contexts. This approach will increase 
the ecological validity of the field even further by allowing researchers to capture real-time neural responses in 
nature, thereby providing more valid and applicable insights into the brain in situ.

Conclusion
This randomized controlled trial (N = 92) explored changes in self-reported affect and in resting frontal midline 
theta (FMθ), a neural oscillation related to executive attention, associated with a 40-min walk in nature (N = 46) 
compared to a 40-min walk in an urban environment (N = 46). The two conditions were carefully matched on 
variables that may influence one’s experience on a walk, including but not limited to participant age, distance 
walked, walking pace, elevation change, participant heart rate, ambient temperature, and humidity. While both 
conditions showed improvements in affect, the nature condition showed a greater boost in positive affect than 
the urban condition. Additionally, the urban condition showed a significant increase in resting FMθ power from 
before their walk to after their walk, while the nature condition did not. This reflects the attentional strain of 
urban environments (higher FMθ power) in contrast to the attentional rest in nature (lower FMθ power). We 
conclude that FMθ serves as a robust neural marker that differentiates between the varying attentional demands 
present in natural and urban environments.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable 
request.
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