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ARTICLE INFO ABSTRACT
Keywords: Cycling can improve health, yet cyclists in cities may be exposed to hazardous conditions and
Air quality have limited exposure to nature and its benefits. The purpose of this study was to measure and

Natural sounds
Anthropogenic noise
Heat stress
Co-exposures
Nature-based solutions

compare environmental exposures of urban cyclists on a vegetated, gravel trail route separated
from cars and a fully paved route on local roads. In September 2021 in Austin, Texas, US, we
cycled on the trail and road routes from 7:30-8:30 and 17:30-18:30 on one weekday and
weekend day. While cycling, we wore sensors that measured fine particulate matter (PM2.5), total
volatile organic compounds (VOCs), sounds, air temperature, relative humidity, light intensity,
and geographic location. We used a neural network to distinguish anthropogenic and natural
sounds. After time-matching all sensor data, we specified linear mixed effects models to test the
association between route type and each environmental exposure, adjusting for afternoons and
weekdays. We also used inverse distance weighting in GIS to map spatially continuous estimates
of environmental exposures for each cycling trip. Compared to the road route, the trail was
associated with higher levels of PM2.5, total VOCs, natural sounds, and relative humidity, and
lower levels of anthropogenic sounds, temperature, and light intensity (p < 0.05). Mapping
illustrated differences in environmental exposures within and between routes by time of day and
day of week. Assessing exposures on existing and planned cycling routes may help inform the
design of health interventions (e.g., tree planting along routes) in the face of increasing climate-
related hazards.
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1. Introduction

In urban areas across the United States (U.S.), only about 1 % of all trips are completed by bicycle (Goel et al., 2022). Increasing the
U.S. cycling rate carries health, environmental, and economic benefits. Riding a bicycle is a viable way to engage in physical activity, a
behavior that provides both immediate and long-term health benefits (U.S. Centers for Disease Control and Prevention, 2023). The
physical activity benefits of cycling have been found to generally outweigh the risks of air pollution, even with higher inhalation and
uptake of pollutants while cycling compared to riding a car and other sedentary travel modes (Cepeda et al., 2017; De Nazelle et al.,
2017; Tainio et al., 2021). For instance, researchers have estimated in life-years the benefit of increased physical activity (3—14 months
gained) due to shifting from car to bicycle in the Netherlands far outweigh the costs of increased inhaled air pollution dose (0.8-40
days lost) and traffic collisions (5-9 days lost) (De Hartog et al., 2010). Furthermore, shifting travel mode from internal combustion
engine vehicles to bicycles reduces air pollution, greenhouse gas emissions, and congestion, among other harmful impacts of vehicle
use (Pucher and Buehler, 2010).

When cycling outdoors, riders come into direct contact with ambient environmental exposures such as air pollutants, sounds,
temperature, and sunlight, which can affect the overall health benefits that cycling can impart. Personal exposure assessments of
ambient environmental conditions while cycling have primarily focused on air pollution. Studies in urban areas have used wearable
sensor technologies to measure concentration levels of particulate matter of multiple sizes (PM;o, PMa 5, PMy 1) (Boogaard et al., 2009;
Correia et al., 2020; Good et al., 2016; Lin et al., 2020; Okokon et al., 2017; Peng et al., 2021; Qiu et al., 2019; Shrestha et al., 2020;
Tran et al., 2021; Ueberham et al., 2019; Weichenthal et al., 2012; Wu et al., 2021; Jarjour et al., 2013), black carbon (Correia et al.,
2020; Good et al., 2016; Lin et al., 2020; Okokon et al., 2017; Tran et al., 2021; Jarjour et al., 2013; MacNaughton et al., 2014),
nitrogen dioxide (Shrestha et al., 2020; MacNaughton et al., 2014; Apparicio et al., 2016; Apparicio et al., 2021), carbon monoxide
(Good et al., 2016; Shrestha et al., 2020; Jarjour et al., 2013), nitric oxide (Good et al., 2016; Shrestha et al., 2020), volatile organic
compounds (VOCs) (Weichenthal et al., 2012; Wu et al., 2021), and sulfur dioxide (Shrestha et al., 2020). Half of these studies
compared air pollution exposure while cycling to other travel modes (i.e., walking, e-scooter, motorcycle, car, bus, light rail)
(Boogaard et al., 2009; Correia et al., 2020; Good et al., 2016; Lin et al., 2020; Okokon et al., 2017; Peng et al., 2021; Tran et al., 2021;
Wu et al., 2021) while the remaining focused on cycling transport only (Qiu et al., 2019; Shrestha et al., 2020; Ueberham et al., 2019;
Weichenthal et al., 2012; Jarjour et al., 2013; MacNaughton et al., 2014; Apparicio et al., 2016; Apparicio et al., 2021).

Alongside air pollution, researchers have assessed personal exposure of cyclists to noise (i.e., unwanted sound) using A-weighted
sound pressure level (dB re 20 pPa, hereafter dBA) (Boogaard et al., 2009; Okokon et al., 2017; Ueberham et al., 2019; Apparicio et al.,
2016; Apparicio et al., 2021). While there is evidence that road traffic noise may have a negative impact on mental health and cancer
(Clark et al., 2020), certain sounds—particularly those from the natural world including birds singing and brooks babbling-may elicit
health and well-being benefits. A meta-analysis showed that natural sounds were associated with decreased stress and annoyance and
improved health and positive affective outcomes (e.g., decreased pain, improved mood) (Buxton et al., 2021). Previous personal
exposure studies have not categorized sounds as anthropogenic or natural.

Research has shown extreme heat to be associated with lower urban trail use by cyclists (Lanza et al., 2022a) and to negatively
impact cycling performance (Valenzuela et al., 2022). Heat exposure of cyclists warrants further investigation because cyclists have a
high likelihood of exertional heat illness relative to other activities (Gamage et al., 2020). Air temperature and relative humidity—two
environmental conditions that factor into heat stress (Kamath et al., 2023)—have been measured in a number of personal exposure
studies (Good et al., 2016; Qiu et al., 2019; Shrestha et al., 2020; Wu et al., 2021; Apparicio et al., 2016; Apparicio et al., 2021). These
studies included air temperature and relative humidity for correcting air pollution data, as descriptive data to complement air
pollution modeling, and to explain variations in air pollution. Another study measured individual exposure to air temperature for the
purpose of comparing with subjective measurements of cyclists. However, these prior studies did not measure air temperature, relative
humidity, or heat index (i.e., heat stress metric comprising air temperature and relative humidity (Lanza et al., 2020)) as potential
environmental hazards between and within different types of cycling routes.

Cycling outdoors entails exposure to sunlight, which carries both positive and negative health implications. Sunlight exposure helps
boost vitamin D production and is positively associated with mental health (Wang et al., 2023), yet overexposure to ultraviolet (UV)
radiation has been linked to skin cancer, premature aging, cataracts, and immune system suppression (U.S. Environmental Protection
Agency, 2023). Two studies using wearable dosimeters revealed that cyclists’ personal exposure to UV radiation exceeded levels
recommended by occupational and recreational guidelines (Kimlin et al., 2006; Serrano et al., 2010). Neither study assessed light
intensity along cycling routes, which has implications for exposure to UV radiation as well as heat stress.

A subset of studies on ambient environmental exposures while cycling has assessed spatiotemporal differences in exposures. Most
focused on air pollution (Correia et al., 2020; Good et al., 2016; Lin et al., 2020; Qiu et al., 2019; Shrestha et al., 2020; Weichenthal
etal., 2012; Wu et al., 2021; Jarjour et al., 2013; MacNaughton et al., 2014; Apparicio et al., 2016; Apparicio et al., 2021) with a couple
studies also measuring noise (Apparicio et al., 2016; Apparicio et al., 2021). Spatial factors linked to air pollution and noise exposure of
cyclists include vehicular traffic intensity, road type, distance from road, and presence of vegetation (Correia et al., 2020; Good et al.,
2016; Shrestha et al., 2020; Weichenthal et al., 2012; Wu et al., 2021; Jarjour et al., 2013; MacNaughton et al., 2014; Apparicio et al.,
2016; Apparicio et al., 2021). Studies have also identified diurnal peaks in air pollution and noise, as well as seasonal differences (Lin
et al., 2020; Qiu et al., 2019; Apparicio et al., 2021). There has not been an assessment of spatiotemporal differences in personal
exposure of cyclists to anthropogenic sounds, natural sounds, heat, and light; or evaluation of environmental exposures on weekdays
versus weekend days.

The objective of this study was to determine the personal exposure of cyclists to air pollution, sounds, heat, and light on a vegetated
trail versus the road in an urban setting. We compared levels of ambient environmental exposures within and between these two types
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of cycling routes during different times of day and days of week. This study includes four new research contributions. First, we
estimated exposures to anthropogenic and natural sounds, heat, and light while cycling. Second, we used the air pollution, sound, heat,
and light data to develop a composite index of unhealthy exposures while cycling during the warm season. Third, we mapped envi-
ronmental exposures on cycling routes on weekdays and weekend days. Lastly, we divided audio into natural and anthropogenic
sounds using pretrained neural networks for source separation. Data from this study can serve as evidence to inform interventions for
the promotion of healthy and safe urban cycling.

2. Materials and methods
2.1. Study setting

This study took place during September 2021 in the City of Austin, the capital of Texas in the Southwest U.S. and the tenth most
populous U.S. city with approximately 1161 residents per square kilometer (Fig. 1) (U.S. Census Bureau, 2024). Located in a humid
subtropical climate, Austin in September averages 26.2 °C (minimum temperature: 19.6 °C; maximum temperature: 32.7 °C) and 77
mm of precipitation (U.S. National Oceanic and Atmospheric Administration, 2024). We focused on two cycling routes in the center of
downtown Austin with notable differences. The first study site—herein called the Trail Route—was a continuous, 16.0km-long loop
trail that circles a 190-hectare lake in downtown Austin (Texas Parks and Wildlife Department, 2020). Publicly available year-round
with about five million unique visits by cyclists, walkers, and runners annually (The Trail Conservancy, 2024a), the trail is surrounded
by 473 ha of parkland consisting of a mix of woodland, mowed lawns, non-vegetated areas, and Grow Zones (i.e., areas no longer
mowed that are able to return to woodland) (Siglo Group, 2015). The surface material of the 2-6 m-wide trail is primarily crushed
granite excluding a 2 km-long boardwalk on the south shore and a few other places with concrete. Tree canopy covered approximately
44 % of the Trail Route within 25 m, in 2022 (City of Austin, 2022).

The second study site—herein called the Road Route—was a 17.1 km-long loop entirely on local neighborhood roads and city
streets (MAF/TIGER Feature Class Code: $1400) without passage on highways or main arteries (U.S. Census Bureau, 2021). The route
was recommended by a professional cyclist as a commonly traveled road route by local cyclists, and drawn in the mobile application
Strava (Strava, Inc., San Francisco, California, USA). Along the entire Road Route, cyclists ride directly on or adjacent to the paved
road, either sharing the road with cars, riding in a painted bicycle lane, or on a two-way cycle track within five meters of the roadway.
The route takes cyclists through bustling portions of downtown and central Austin neighborhoods, with land use of adjacent parcels
primarily single family (43 %) and commercial (17 %) (City of Austin, 2023). From data collected in 2020 by the Texas Department of
Transportation, the mean annual average daily traffic along the Road Route was 5929 motor vehicles (standard deviation = 5907) in
2020, which is higher than the countywide mean of 4692 vehicles (standard deviation = 5193) (Texas Department of Transportation,
2023). Tree canopy covered approximately 23 % of the Road Route within 25 m, in 2022 (City of Austin, 2022).

Trail Route
Road Route

Kilometers ﬂ?
0 0.5 1 2

Fig. 1. Study sites of trail route and road route in Austin, Texas, USA.
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2.2. Measurement of ambient environmental exposures

During the warm season on one weekday (Tuesday, September 7) and one weekend day (Sunday, September 12) in 2021, two
cyclists—one on each route and outfitted with wearable and bicycle-mounted sensor technologies—rode the Trail Route and Road
Route in the morning (7:30) and afternoon (17:30) (n = 8 total trips), times selected to represent peaks in U.S. non-motorized travel (U.
S. Department of Transportation, 2020). Cyclists for both routes started at the same time and aimed to maintain a speed of about
16kmh, considered around the average speed of cycling to work in a previous study (Hendriksen et al., 2000). Cyclists were able to
maintain this speed on both routes as the Trail Route included no traffic stops while the Road Route had a minimal number of traffic
lights, one reason for the popularity of this route by local cyclists.

We measured personal exposure to PMs 5 and total VOCs using a hip-worn Atmotube Pro sensor (Atmotech Inc., San Francisco,
California, USA). Atmotube Pro utilizes light scattering technology to measure PMj; 5 every 1 s, and a metal-oxide sensor to measure
total VOCs every 2 s. These data are then output to users as one-minute averages in pg/m°> for PMy 5 and parts per million for total
VOCs. Readings from the Atmotube Pro for PMj 5 have been shown to exhibit strong correlations (0.79 < R? < 0.90) with data from
reference Federal Equivalent Method instruments in field tests (South Coast Air Quality Management District, 2024), and for total
VOCs have been shown to be typically within 15 % of the measured value (Atmotech Inc, 2024).

Measurement of personal exposure to sounds relied on cyclists wearing F2 field recorders (Zoom Corporation, Chiyoda City, Tokyo,
Japan). These light, compact, and battery-powered devices record continuously and include a high-precision internal clock, with audio
files stored on a microSD card for later retrieval and processing (Zoom Corporation, 2024). Cyclists used the included belt clip to attach
the recorder at their waist. To minimize wind obstruction and record sounds near ear level, the lavalier microphone with windscreen
was clipped to the backside of cyclist at the shirt collar.

After calibrating field recorders (Supplementary Material), we applied a pretrained neural network to the audio file collected from
the field recorders to extract anthropogenic and natural sounds from the base track. With the separated audio tracks, we estimated
sound pressure levels (SPL) for each category of sound (Kong et al., 2023). This source-separation approach is distinct from classifi-
cation, which does not allow for subsequent SPL measurement, and from traditional SPL measurements, which do not allow for the
consideration of conceptual categories that may span multiple frequency bands. We trained the utilized network on the Google
Audioset dataset, a collection of more than two million YouTube videos that are labeled according to an associated hierarchical
ontology of 527 audio classes at the lowest level and seven at the highest level (i.e., Human Sounds; Source-Ambiguous Sounds;
Animal; Sounds of Things; Music; Natural Sounds; and Channel, Environment and Background). Each of the low-level classes has at
least 50 training samples (Google, 2024).

Sound inference by the trained model begins with a binary determination of the presence or absence of a requested class for each
frame (0.01 s) of the recording. If the class is absent in a given frame, it is marked silent. If the class is present, it is extracted by the
separation network. The average Signal-to-Distortion Ratio Improvement (SDRi)—a relative measure of the difference between signal-
to-distortion ratios of a noisy signal with and without the application of source separation, whereby any positive value represents an
improvement—across all classes was 6 dB. Well-represented classes in the training dataset tended to have above-average SDRi. Bird
vocalizations, for example, have an SDRi of 15 dB, the 11th best of the 527 classes at the lowest level of the ontology.

For our analysis, we constructed a custom natural class by combining every subclass of the high-level Animal and Natural Sounds
classes as defined by AudioSet. We excluded those events belonging to the Human Sounds class as these were irrelevant sounds from
the human body. Our anthropogenic class was the combination of low-level AudioSet classes primarily under the Sounds of Things
category. We excluded the subclass Wind Noise (Microphone) owing to possible correlation with bicycle velocity. We noted imperfect
separation of classes in environments of high ambient sound. In our dataset, this consisted almost exclusively of vehicle sounds being
included in our natural class. As the contamination was one way and involved low-frequency sounds, while the natural sounds (e.g.,
birdsong, insect noises) tended toward higher frequencies, we performed an additional 2000 Hz high-pass filter with a six dB roll-off
per octave in Audacity® version 3.13 on sounds included in our natural class, thereby suppressing this category crossover at the cost of
minimal information loss on low-frequency natural sounds.

We measured personal exposure to heat using MX2302A HOBO external air temperature/relative humidity sensor data loggers
(Onset Computer Corporation, Bourne, Massachusetts, USA), per previous studies (Lanza et al., 2022b; Lanza et al., 2021; Larsen et al.,
2023; Mallen et al., 2020). We relied on the same company for measuring personal exposure to light, using MX2202 HOBO pendant MX
temperature/light data loggers. We used cable ties to mount both the data logger of the air temperature/relative humidity sensor and
the light-measuring pendant to the bicycle handlebars, ensuring the position of sensors did not impede comfort and safety of cyclists.
We encased each air temperature/relative humidity sensor in an RS3-B solar radiation shield to safeguard against biased measurement
from absorption of incoming solar radiation. We made sure to position the light-measuring pendant flat on the bicycle handlebars to
not distort light intensity readings. We specified both the air temperature/relative humidity sensor and light-measuring pendant to
collect data every 1 s. The sensors are accurate +0.2 °C from 0 to 70 °C, £2.5 % from 10 to 90 % relative humidity, and +£10 % lux
typical for direct sunlight (Onset Computer Corporation, 2024b; Onset Computer Corporation, 2024). In addition to measuring air
temperature and relative humidity separately, we calculated heat index by following regression equations and corrections from
Rothfusz and Steadman (U.S. National Weather Service, 2022).

To reveal how the combination of ambient environmental exposures at any given time could be unhealthy during the warm season,
we developed a Negative Exposure Index, an equally weighted composite index (Goel et al., 2022; U.S. Centers for Disease Control and
Prevention, 2023; Cepeda et al., 2017) comprising six exposures (PMj 5, total VOCs, anthropogenic sounds, inverse of natural sounds,
heat index, light intensity) where we calculated the average tertile after classifying values for each exposure into tertiles across the full
dataset. Lastly, each cyclist wore a BT-Q1000XT GPS travel recorder (Qstarz International Co. Ltd., Taipei, Taiwan) to identify their
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geographic location over time, per earlier work (Lanza et al., 2022b; Lanza et al., 2021). We set GPS devices to log latitude and
longitude every 1 s. To understand personal exposure levels across space and time, we time matched one-minute averages of all data
collected from sensors.

2.3. Statistical analyses

To assess the relations between route type and ambient environmental exposures, we first calculated summary statistics (mean,
standard deviation) of environmental exposures by route type, day of week, and time of day. We then specified linear mixed effects
modeling to test the association between route type (1 = Trail Route, 0 = Road Route) and continuous variables for each environ-
mental exposure, with a separate model for each exposure (PM; s, total VOCs, anthropogenic sounds, natural sounds, air temperature,
relative humidity, heat index, light intensity) and the Negative Exposure Index (n = 9 models). Before modeling, we applied natural log
transformations to the variables for PMj 5, anthropogenic sounds, natural sounds, and light intensity so outcomes would be normally
distributed. We adjusted final models for day of week (1 = weekday, 0 = weekend day) and time of day (1 = afternoon, 0 = morning),
and added a random effect for rider to account for the correlation of outcomes from the same rider. We conducted statistical analyses
using SAS version 9.4 (Cary, North Carolina, USA).

In addition to summary statistics and regression modeling, we used ArcGIS version 10.8 (Redlands, California, USA) to produce
maps of spatially continuous linear estimates of ambient environmental exposures (n = 45 total maps). We estimated values between
one-minute samples using inverse distance weighting in GIS (Lanza et al., 2021), and presented data as choropleth maps for each trip
per route using tertile classification—these maps permit the comparison of each exposure by day of week and time of day. Lastly, we
created maps of an equally weighted composite index (1-3) for each ambient exposure and the Negative Exposure Index where we
calculated tertiles for each pair of trips and then compiled the four trip pairs into a single dataset before estimating values using inverse
distance weighting—these index maps permit the identification of exposure levels at specific locations, adjusting for day of week and
time of day.

3. Results

On average, cyclists on the Trail Route were exposed to higher levels of PM; 5 and total VOCs compared to those on the Road Route
(Table 1). PM3 5 concentrations on the Road Route were often lower than levels recorded during study hours by a nearby continuous
ambient monitoring station (Austin Webberville Road AF171, latitude = 30.2632°, longitude = —97.7129°) maintained by Texas
Commission on Environmental Quality: weekday morning = 22.0 pg m 3, weekday afternoon = 16.0 g m~>, weekend morning = 5.0
pg m~3, and weekend afternoon = 10.0 pg m~> (Texas Commission on Environmental Quality, 2024). Anthropogenic sounds on the
Trail Route were lower than on the Road Route while natural sounds were higher on the Trail Route. With decibels being on a log-
arithmic scale, these differences in sound levels equate to the Trail Route having anthropogenic sounds about one-quarter as loud as
the Road Route and natural sounds about twice as loud. The Trail Route had lower air temperature and higher relative, with heat index
lower on the Trail Route compared to the Road Route. These measurements on the Trail Route were either the same or lower than data
recorded by a nearby weather station of the National Weather Service at Austin Camp Mabry (latitude = 30.3208°, longitude =
—97.7604°): weekday morning = 25.0 °C, 79 %, 25.3 °C; weekday afternoon = 33.9 °C, 34 %, 33.9 °C; weekend morning = 25.0 °C, 71
%, 25.2 °C; and weekend afternoon = 31.7 °C, 38 %, 31.5 °C (San Diego County, 2008). Light intensity was lower on the Trail Route
than the Road Route. Negative Exposure Index was 0.1 lower on the Trail Route versus the Road Route.

When comparing average levels of exposures by day of week and time of day (Table 2), PMjy 5 was higher in the morning than in the
afternoon on both the Trail and Road Routes, while total VOCs were lower in the morning than in the afternoon. Anthropogenic sounds
were higher on the weekday than the weekend on both routes except for the weekend morning when the Road Route averaged 87 dB,
the highest level of data collection. Natural sounds were higher in the morning than afternoon on the Road Route, and on the
weekends, natural sounds were higher during the morning than the afternoon. Regardless of day of week or time of day, air

Table 1
Summary statistics for ambient environmental exposures of cyclists on a Trail Route and Road Route in
September 2021 in Austin, Texas, USA.

Model variable Trail (n = 4) Road (n = 4)
Mean (SD) Mean (SD)
PM 5 (ug/m>) 10.5 (4.5)° 8.4 (3.3)
Total VOCs (ppm) 0.19 (0.07)" 0.06 (0.07)
Anthropogenic sounds (dB) 56 (25) 80 (8)
Natural sounds (dB) 52 (6) 44 (9)
Air temperature (°C) 27.7 (5.1) 28.8 (5.5)
Relative humidity (%) 65 (21) 60 (22)
Heat index (°C) 28.6 (5.8) 29.6 (6.0)
Light intensity (1x) 636 (564) 919 (838)
Negative Exposure Index (1-3) 1.9 (0.4)" 2.0 (0.4)

Sample sizes for one-minute averages of exposure data: Trail = 265, Road = 225.
4 No PM, 5 and total VOCs data on trail weekday morning because Atmotube Pro not turned on.
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Table 2
Summary statistics for ambient environmental exposures of cyclists on a Trail Route and Road Route by day of week and time of day in September
2021 in Austin, Texas, USA.

Model variable Trail morning Road morning Trail afternoon Road afternoon
n=2) n=2) (n=2) (n=2)
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Weekday
PMy 5 (Hg/ms) a 11.5 (4.1) 9.6 (2.2) 7.4 (0.7)
Total VOCs (ppm) a 0.01 (0.01) 0.30 (0.02) 0.10 (0.02)
Anthropogenic sounds (dB) 56 (23) 76 (5) 63 (22) 81 (7)
Natural sounds (dB) 50 (6) 45 (8) 52 (6) 42 (9)
Air temperature (°C) 24.2 (0.7) 24.4 (0.6) 33.9(0.7) 34.9 (0.4)
Relative humidity (%) 85 (2) 83 (2) 41 (3) 37(1)
Heat index (°C) 24.6 (0.7) 24.8 (0.6) 35.4 (0.7) 36.1 (0.5)
Light intensity (1x) 460 (348) 549 (324) 1036 (806) 1658 (1178)
Negative Exposure Index (1-3) 1.6 (0.4)" 1.9 (0.3) 2.3(0.2) 2.2 (0.2)
Weekend day
PMy 5 (p.g/rn3) 11.0 (2.0) 8.9 (2.5) 11.0 (7.1) 5.8 (1.0)
Total VOCs (ppm) 0.10 (0.03) 0.01 (0.01) 0.20 (0.04) 0.20 (0.03)
Anthropogenic sounds (dB) 44 (30) 87 (8) 61 (19) 79 (6)
Natural sounds (dB) 54 (7) 50 (8) 53 (6) 40 (8)
Air temperature (°C) 21.6 (1.1) 21.7 (1.1) 31.7 (0.5) 33.0 (0.4)
Relative humidity (%) 85 (2) 82(3) 48 (2) 42(2)
Heat index (°C) 21.8(1.1) 21.9 (1.1) 33.3(0.5) 34.2 (0.5)
Light intensity (1x) 329 (244) 314 (126) 745 (421) 1058 (467)
Negative Exposure Index (1-3) 1.6 (0.2) 1.6 (0.2) 1.9 (0.2) 2.3(0.2)

Sample sizes for one-minute averages of exposure data: Trail Morning = 136, Road Morning = 107, Trail Afternoon = 129, Road Afternoon = 118.
& No PM, 5 and total VOCs data on trail weekday morning because Atmotube Pro not turned on.

temperature and heat index were always lower on the Trail Route compared to values recorded on concurrent bicycle rides on the Road
Route, while relative humidity on the Trail Route was always higher than the Road Route. Light intensity was always lower in the
morning than afternoon, with the Road Route on the weekday afternoon averaging 1658 Ix, the highest level of data collection. The
Negative Exposure Index was lower in the morning than the afternoon on weekdays and weekends for each route.

In fully adjusted regression models, we found that cycling on the Trail Route was associated with exposure to higher concentrations
of PMy 5 (b = 0.31; 95 % CI = 0.18, 0.44; p = 0.01) and total VOCs (b = 0.11; 95 % CI = 0.06, 0.17; p = 0.01) compared to the Road
Route (Table 3). Cycling on the Trail Route was associated with lower exposure to anthropogenic sounds (b = —0.83; 95 % CI = —1.28,
—0.38; p = 0.001) and higher exposure to natural sounds (b = 0.18; 95 % CI = 0.08, 0.50; p = 0.001) relative to the Road Route.
Cycling on the Trail Route was associated with lower air temperature (b = —0.68; 95 % CI = —1.15, —0.22; p = 0.02) and higher
relative humidity (b = 3.61; 95 % CI = 0.56, 6.66; p = 0.02) compared to the Road Route, with no statistically significant difference in
heat index between routes (p = 0.06). Cycling on the Trail Route was associated with lower levels of light intensity (b = —0.36; 95 % CI
= —0.47, —0.24; p = 0.01) than the Road Route.

Maps revealed differences in ambient environmental exposures depending on time of day and day of week as well as between and
within route types (Figs. A.1-16). Natural sounds, for instance, were generally higher on the Trail Route than the Road Route (Fig. 2),
yet in the morning, portions of the southernmost east-west segment of the Road Route had higher levels of natural sounds compared to
the afternoon on both weekdays and weekend days. In the map illustrating the Negative Exposure Index across the eight total trips
(Fig. 3), there are noticeable locations where the combination of PMj s, total VOCs, anthropogenic sounds, inverse of natural sounds,
heat index, and light intensity is lower or higher than other locations such as a southwest segment of the Trail Route (purple star) and a
northern segment of the Road Route (orange star), respectively.

Table 3
Output of adjusted regression models (n = 9) testing the relation between route type (Trail Route, Road Route) and ambient environmental
exposures of cyclists in Austin, Texas, USA.

Model outcome b (95 % CI) P
PMj 5 (ug/m>) 0.31 (0.13, 0.48) 0.001
Total VOCs (ppm) 0.11 (0.04, 0.19) 0.004
Anthropogenic sounds (dB) -0.83 (-1.28, —0.38) 0.001
Natural sounds (dB) 0.18 (0.08, 0.50) 0.001
Air temperature (°C) —0.68 (-1.26, —0.10) 0.022
Relative humidity (%) 3.61 (—0.20, 7.42) 0.064
Heat index (°C) —0.49 (—0.99, 0.02) 0.061
Light intensity (1x) —0.36 (—0.48, —0.23) 0.001
Negative Exposure Index (1-3) —0.08 (-0.17, 0.01) 0.10

Independent variable of interest: route type (1 = Trail Route, 0 = Road Route). All models adjusted for day of week (1 = weekday, 0 =
weekend day) and time of day (1 = afternoon, 0 = morning), and added a random effect for rider. All model outcomes were continuous.
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Fig. 2. Cyclists” exposure to natural sounds on Trail and Road Routes in Austin, Texas, USA, on A) weekday morning (7:30-8:30), B) weekday
afternoon (17:30-18:30), C) weekend morning (7:30-8:30), and 2) weekend afternoon (17:30-18:30) in September 2021.
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Fig. 3. Negative Exposure Index (PM, s, total VOCs, anthropogenic sounds, inverse of natural sounds, heat index, light intensity) on Trail and Road
Routes in Austin, Texas, USA, across eight trips in the morning (7:30-8:30) and afternoon (17:30-18:30) on a weekday and weekend day in
September 2021. Purple and orange stars on the map signify example locations on the Trail Route (top-right photo) and Road Route (bottom-right
photo), respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

We found significant differences in air pollution, sounds, air temperature, and light intensity while cycling on a vegetated, gravel
trail compared to a nearby road route, with mapping showing differences in these environmental exposures within and between routes
and by time of day and day of week. PM2.5 levels in our study were substantially lower than in studies conducted in Europe (Correia
et al., 2020; Okokon et al., 2017) and Asia (Lin et al., 2020; Peng et al., 2021; Qiu et al., 2019; Wu et al., 2021) while comparable to
those in the U.S. (Jarjour et al., 2013) and Australia (Shrestha et al., 2020). For instance, the average exposure of cyclists to PM5 5 in
Beijing, China, was 33.8 jig m™ over a 24-h monitoring period (Lin et al., 2020), and in Berkeley, California, was 5.1 pg m~> on a high-
traffic commuting route (Jarjour et al., 2013). Compared to national ambient air quality standards, average PM; 5 levels from wearable
sensors were below the primary and secondary 24-hour PM; 5 standards and the secondary one-year PM5 5 standard across route types,
days of week, and times of day; however, measured PM; 5 concentrations exceeded the primary one-year PM; 5 standard of 9.0 ug m
during the weekday morning on the Road Route, weekday afternoon on the Trail Route, and both weekend morning and afternoon on
the Trail Route (Table 2) (U.S. Environmental Protection Agency, 2024). Our result that PMj 5 levels on the Road Route were higher in
the morning than afternoon supports previous findings on the exposure of cyclists to PMy 5 and nitrogen dioxide (Qiu et al., 2019;
Apparicio et al., 2021).

Our finding that the Trail Route was associated with significantly higher levels of PMj 5 and total VOCs compared to the Road Route
may be attributed to higher emissions of these particles and gases from biogenic sources on the Trail Route. The heavily vegetated Trail
Route located primarily along the water’s edge could mean relatively high concentrations of biological materials (e.g., pollen, mold
spores) as particulates and VOCs (e.g., terpenoids, oxygenated VOCs) released from trees, shrubs, and grasses (Vivaldo et al., 2017).
The crushed-granite surface material of the Trail Route could also be a source of fine soil and dust particles, the likes of which could be
stirred up and suspended in the air from the foot traffic of approximately 14,000 pedestrians and cyclists using the trail each day (The
Trail Conservancy, 2024a). Furthermore, we chose the Road Route because it had been identified as a preferred route by local cyclists,
which may be in part because they perceived lower air pollution levels on this route of local roads than other options. The relatively
low PMs 5 and total VOCs levels on the Road Route corroborates previous literature that revealed lower levels of air pollution on
residential streets and “alternative” routes (Good et al., 2016; Weichenthal et al., 2012; Wu et al., 2021; Jarjour et al., 2013; Apparicio
et al., 2016).

The average levels of anthropogenic sounds on the Trail Route (56 dB) and Road Route (80 dB) can be categorized into the noise
environments of quiet urban daytime and the higher limit of urban ambient sound, respectively, with 56dBA equivalent to light traffic
at 30 m away and 80dBA equivalent to a garbage disposal at 1 m away (San Diego County, 2008). Anthropogenic sound levels on the
Road Route were higher than the sound level considered generally safe for our hearing (70dBA) (U.S. National Institutes of Health,
2020), were higher than the average overall levels of noise (63-75dBA) experienced by cyclists in cities in Europe (Okokon et al., 2017;
Ueberham et al., 2019) and Canada (Apparicio et al., 2016), and matched the noise levels recorded during cycling trips in Delhi, India
(Apparicio et al., 2021). In the U.S., the Occupational Safety and Health Administration requires employers to implement programs to
conserve hearing when noise exposure is at or above 85dBA averaged over eight working hours (U.S. Occupational Safety and Health
Administration, 2024). About one-quarter (24 %) of the anthropogenic sound measurements on the Road Route reached this exposure
limit, compared to less than 1 % (0.4 %) of measurements on the Trail Route (Fig. A.5).

The relatively high levels of anthropogenic sounds and the Road Route exhibiting a significant positive association with anthro-
pogenic sounds compared to the Trail Route could be attributed to cyclists either directly riding alongside cars or on infrastructure
immediately adjacent to them, and the relatively high traffic count on the route. For instance, studies in New Delhi, India, and
Montreal, Canada, found cyclists to be exposed to higher levels of noise when traveling closer to vehicular traffic and on primary roads
versus residential streets (Apparicio et al., 2016; Apparicio et al., 2021). Other anthropogenic sounds on the Road Route could be
related to the route traveling through downtown, an area of Austin estimated to have received about 195,000 visitors; 65,000 workers;
35,000 residents daily in September 2021 (Austin Downtown Alliance, 2022), and construction noise from the historic amount of
construction: in 2021, City of Austin added approximately 2.6 million square meters in residential development alone, its third most in
a given year (City of Austin, 2024). Conversely, the Trail Route was at a distance from vehicular traffic and construction work, and
buffered by vegetation.

In the morning and afternoon during both the week and weekend, natural sounds were higher on the Trail Route than Road Route.
The Trail Route exhibiting a significant positive association with natural sounds compared to the Road Route could be due to the
difference between the two settings as refuges for wildlife. The natural areas around the Trail Route—home to 850 animal species, 230
plant species, and 150 tree species (The Trail Conservancy, 2024b)—provide critical resources for wildlife including food, water, and
shelter. In the area surrounding the Trail Route, songs from 89 bird species have been identified during fall migration (August-No-
vember) from 2019 to 2023 (eBird, 2024). This is in stark contrast to the environment of the Road Route, which traverses mostly built-
up areas of downtown and its surrounding neighborhoods wherein residential and commercial parcels and right of ways have rela-
tively low levels of vegetation and other natural features.

Light intensity was generally lower on the Trail Route than Road Route, where the higher intensity levels on weekday measure-
ments compared to weekend day measurements could be related to clear sky conditions in the morning and afternoon on the weekday
and the sky having few clouds in the morning and scattered clouds in the afternoon on the weekend day (U.S. National Centers for
Environmental Information, 2024). These data, along with our finding that the Trail Route exhibited a significant negative association
with both air temperature and light intensity relative to the Road Route, may signify that trees along the trail mitigate heat stress (via
evapotranspiration and shading). In addition to vegetation, the lake the trail surrounds could also be cooling the air, as research has
shown water bodies can lower air temperatures by as much as 0.6 °C via evaporation (Jacobs et al., 2020). Vegetation and water bodies
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are known to increase relative humidity levels but not at the expense of overall heat stress reduction (Li et al., 2024; Hong et al., 202.3).
For instance, previous research has shown trees to lower wet bulb globe temperature—a heat stress measure that estimates the
combined effect of air temperature, relative humidity, wind speed, and radiation—by 3.3 °C, on average (Lanza et al., 2025).

With climate change increasing levels of temperature and air pollutants (USGCRP, 2023), coupled with our psychological
disconnect from the natural world (Louv, 2011), there is opportunity to develop a cycling network that exposes riders to the sounds and
aesthetics of nature where trees mitigate heat stress, filter pollutants, and buffer anthropogenic sounds, all the while ensuring that the
natural and human-made sources of air pollutants are below harmful levels. Results reveal that urban cycling policies should be
developed with spatiotemporal heterogeneity of environmental exposures in mind. Findings can serve as evidence for designing built
environment interventions that physically separate cyclists from the pollution and noises of vehicular traffic while routing them
through environments with trees, natural water bodies, and other features supportive of wildlife in urban areas.

Along with results from statistical analysis, this study provides a low-cost data collection protocol—consisting of cyclists equipped
with four environmental exposure sensors and one GPS device simultaneously collecting data at predefined routes and times—can be
utilized by municipalities to reveal exposure hot spots of multiple concurrent exposures in both existing and planned infrastructure
investments in active transportation networks. The Negative Exposure Index is an indicator than can assist with identifying those
priority areas for mitigation of unhealthy exposures and with facilitating the selection of interventions that attend to several types of
exposures. Allocation of resources to reduce hazardous exposures should be based on the environmental and social context of the
location of interest. For instance, municipalities in warm climates may prioritize heat management while those at high altitudes with
elevated risk of UV exposure may rank minimizing light intensity above other environmental exposures. Tree planting can be
prioritized in communities with higher proportions of Black, Latino, and low-income households, as these communities have been
shown to have lower levels of tree canopy coverage (Lanza et al., 2019).

Of particular note is our use of a pretrained neural network to separate sounds in audio files into sound classes, which is a flexible
process that permits the user to focus on the sound classes of interest in any setting. We showcased how to parse soundscapes into
conceptual categories rather than by objective acoustic measures. Such categories may be broad—as in our case—or fine-grained,
suggesting potential applicability to an array of research questions. Nevertheless, the present capabilities of universal source sepa-
ration networks prevent them from being as broadly applicable as they might otherwise be. In our study, they were effective at
extracting broadband anthropogenic sound without further processing. However, the crossover of limited background vehicle sound
into natural sound tracks necessitated a frequency-based filter for the results to be usable for SPL estimation. This proved to be
appropriate for our dataset, as the natural sounds tended to be higher frequency while the contaminating vehicle sounds tended to be
lower frequency. Yet it belies one of the strengths of the approach, which is to disentangle categories of sound sources even where well-
established objective measures such as intensity or frequency filters would leave them entangled. We relied on those filters in this
study, ultimately using a combination of approaches that are not applicable to all datasets.

This study has limitations that can be addressed in future work. First, we did not collect data on PM; 5 and total VOCs on the Trail
Route during the weekday morning because the Atmotube Pro was not turned on correctly, decreasing our sample size and inhibiting
the comparison of concentrations of these air pollutants to those measured at other times and on the Road Route. Second, sensor
response time (i.e., amount of time it takes for a sensor to detect and react to a change in the measured quantity) could limit the validity
of our assessment of personal exposure levels across space and time. Onset Computer Corporation listed the MX2302A HOBO to have
response times of 6.5 min and 0.5 min for its temperature and relative humidity sensors, respectively (Onset Computer Corporation,
2024b), and the MX2202 HOBO to have a spectral response that matches the photopic response of the human eye (Onset Computer
Corporation, 2025). No other sensors used in this study have published response times. Any response time of a sensor that is higher
than the one-minute average that we used in our analysis to assess personal exposure levels would have higher potential for inaccurate
measurements. Future technological improvements in low-cost sensors should support exposure assessments with appropriate
response times for the given research question. Third, time-matching environmental exposure data with geographic location data
enabled us to identify exposure hot spots along cycling routes but does not provide other spatial context such as the potential source of
an exposure. For instance, we did not foresee that Sunday morning would be the time when anthropogenic sound levels would be
highest, on average, on the Road Route—this could have been related to street sweeping or other types of noisy events either typical of
that time or as outliers. Increasing the number of study days across different times of day and days of week, as well as complementing
our data collection with traffic and construction schedules, could help us better understand our findings. Lastly, the Negative Exposure
Index had equal weighting when in reality, certain exposures could be more detrimental to health than others. The composite index
was also developed where the direction of each exposure would be considered negative during the warm season in a humid subtropical
climate when in other locales and/or seasons, the direction of exposures may change. For example, in the winter, low temperatures
would be considered negative while light intensity may be considered positive.

5. Conclusions

This study was an assessment of personal environmental exposures while cycling on a gravel hike-and-bike trail compared to a
route on or along the road in Austin, Texas, during the warm season. Compared to the Road Route, the Trail Route was associated with
significantly higher levels of PMs s, total VOCs, and natural sounds and with lower levels of anthropogenic sounds, air temperature,
and light intensity, with mapping illustrating differences within and between routes at different times. While findings do not provide
definitive evidence for one route type over another with respect to all environmental exposures, results support future investments in
nature-based solutions along cycling routes to minimize environmental exposure harms and maximize benefits. Tree planting is an
investment that—along with serving as a climate adaptation strategy—mitigates climate change by sequestering carbon and
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potentially encouraging modal shift from personal vehicle to bicycle. With lower temperatures and an improved soundscape on the
Trail Route versus the Road Route, municipalities should consider illustrating these benefits to the public (e.g., educational signage),
and providing equitable physical and cultural access to these vegetated routes.
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