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ABSTRACT

Wildfires are increasing in duration and intensity across the United States’ Pacific West region, resulting in
heightened particulate matter from smoke in the atmosphere. Levels of peak particulate matter are concurrent to
peak visitor attendance at National Parks, given seasonal alignment with summer vacation travel and heightened
forest fire conditions. Particulate matter threatens visitor health and safety and contributes to poor visibility and
a deteriorated visitor experience. To assess visitation response to diminished air quality, we utilized wildfire-
generated particulate matter (PM2.5) data in conjunction with monthly attendance records for three ecor-
egions containing eight national parks in Washington, Oregon, and California from 2009 to 2019. We analyzed
daily PM2.5 levels from data gridded at the 10 km scale for National Park Service units by Level III forest
ecoregions within the National Park Service’s Pacific West Unit. Data were then compared to normalized
monthly visitation trends for each of the ecoregions using two statistical methods Kendall’s Tau and Analysis of
Variance (ANOVA) with post-hoc Tukey tests. Results demonstrate that attendance at these national parks does
not decrease in response to increased PM2.5 levels. Instead, we see several statistically significant increases in
attendance across these ecoregions during periods of reduced air quality. Of 115 shifts between air quality
categories during the busy season of July to September, there are no significant decreases in attendance as air
quality worsens. These findings suggest that visitors are willing to tolerate reduced air quality compared to other
factors such as temperature or precipitation. Given that park units within each ecoregion feature diverse his-
torical contexts, varied built environments, and unique ecological systems, our discussion specifically addresses
managerial concerns associated with maintained high levels of visitation during suboptimal, and potentially
dangerous, conditions. There is substantial need for specific, scalable approaches to mitigate adverse health and
experiential impacts as visitors are exposed to increased risks during a range of exertional activities associated
with diverse settings.

1. Introduction

Many United States national parks have repeatedly broken their

2024). As the highest levels of visitors enjoy the great outdoors, they are
potentially more likely to be exposed to adverse wildfire impacts, from
physical harm due to breathing particulate matter to a negative user

attendance records in recent years (NPS, 2022), particularly in response
to the COVID-19 pandemic. Simultaneously, climate change is contrib-
uting to increasingly large and recurrent devastating wildfires across
western states (Abatzoglou and Williams, 2016; Crockett and West-
erling, 2018), which release harmful aerosols hazardous to human
health and well-being into the air (D’Evelyn et al., 2022). Unfortunately,
national park visitation peaks in July across the western US, contem-
poraneous to the peak in area burned by wildfire (NPS, 2022; EPA,

experience due to deteriorating visibility and services limiting engage-
ment with park attractions. Adverse impacts resulting from high levels
of particulate spread to mental health through multi-sensory experi-
ences of seeing, smelling, and feeling (Velarde et al., 2007). Outdoor
spaces have increased mental health benefits aligned with their specific
components that draw visitors to National Parks such as scenic vistas
and open spaces, bodies of water, and forests. When air quality impacts
visitors’ physical health and well-being degrades, they find themselves
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at odds with the very environments in which they intentionally sought
respite (National Park Service, 2024).

Managing visitor experience is central to the National Park Service’s
underlying mandate, therefore they implement varied management
strategies to limit adverse outcomes for visitors. Successful and sus-
tainable park management relies largely on task predictability (Mohr
and Wolfram, 2010), but predictability in public lands management is
challenged by the complex system dynamics nested components, from
pest management to legal challenges (Thomas, 1996). Management
solutions are rarely “one size fits all.” Decisions are primarily contextual,
multi-dimensional, intentionally flexible, and may include having to
make tradeoffs in the interest of the public and the ecological setting to
preserve predictable, thereby safe, and sustainable, and prescriptive,
outcomes (Schindler and Hilborn, 2015; Spernbauer et al., 2022).
Maintaining predictable interactions and outcomes within National
Parks expands into the built environment. Multiple sites limit access into
specific park units or sections of parks to maintain predictable visitor
movement outcomes. Devils Postpile National Monument (managed by
the National Park Service), Denali National Park, and the Mariposa
Grove of Giant Sequoia trees in Yosemite National Park, for example, are
all primarily only accessible by shuttle bus or on foot. Shuttle bus use
simultaneously decreases single-vehicle usage, thereby reducing
congestion, and protects sensitive environments from physical wear
(Manning et al., 2014; Monz et al., 2016).

Yosemite National Park management’s response at the beginning of
the COVID-19 pandemic in 2020 demonstrates a substantial tradeoff
made in the public’s interest. After wholly closing the park for several
months, park management enacted a vehicle-based day-use reservation
system in responding to public health recommendations and increased
demand (Jenkins et al., 2021). These actions set the precedent for
large-scale managerial access limitations in relation to a public health
crisis. By reducing overall user demand, the strategy effectively
increased visitor dispersal, which can decrease traffic congestion and
crowding and improve the visitor experience (White, 2007; Lawson
et al., 2009). The National Park Service explicitly and adaptively man-
ages the ‘visitor experience’ through formal social-science-based prac-
tices encapsulated in the Interagency Visitor Use Management
Framework (Cahill et al., 2018). While air quality has long been a
consideration in managing the visitor experience, increasingly frequent
poorer air quality associated with increased western US wildfire activity
in recent years may predicate the need to adapt existing National Park
Service management strategies. Despite long-established public
perception of stationarity of Park lands, management is, and must
continue to, dynamically adapt to climate change associated challenges
without jeopardizing the foundational goals of the Organic Act (Biber
and Esposito, 2016).

Poor air quality is strongly associated with acute and chronic health
conditions and mortality rates worldwide (Kelly and Fussell, 2015). In
the western US, decreased air quality is associated with summer wild-
fires that emit harmful aerosols, including ozone (O3), carbon dioxide
(COy), and particulate matter (Bowman et al., 2009; Williams and
Abatzoglou, 2016), typically from July through September (Wiedinmyer
et al., 2006). Of these, particulate matter is the most widely tracked,
particularly the 2.5 pm size class (denoted as PMys) composed of
elemental and organic carbon, nitrate, and sulfate (Jacob and Winner,
2009) because PM2.5 poses the most significant health risk compared to
other particulates as the particles are small enough to enter human lungs
and bloodstreams (United States Environmental Protection Agency,
2022). The US Environmental Protection Agency (EPA) uses PMy 5 to
classify air quality categorically from Good to Hazardous based on
specific ranges for the EPA Air Quality Index (AQI), as detailed in
Table 1. The EPA cautions that fine particulates are the most harmful
component of smoke, and that people should stay inside and avoid
smoky conditions or wear specialty respirators outdoors. Additionally, it
urges using “common sense” for being active during heightened air
pollution (United States Environmental Protection Agency, 2022) (see
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Table 1
Per the EPA, the following air quality categories are associated with specified
ranges of PM2.5 and corresponding risk, as well as potentially impacted groups.

AQI PM2.5 g per
Category square meter

Corresponding
AQI Index Value

PM2.5 Specific
Description

Good 0-12 0-50 Air quality is satisfactory,
and air pollution poses
little or no risk.
Unusually sensitive
people should consider
reducing prolonged or
heavy exertion

People with heart or lung
disease, older adults,
children, and people of
lower socioeconomic
status should reduce
prolonged or heavy
exertion.

People with heart or lung
disease, older adults,
children, and people of
lower socioeconomic
status should avoid
prolonged or heavy
exertion; everyone else
should reduce prolonged
or heavy exertion.

People with heart or lung
disease, older adults,
children, and people of
lower socioeconomic
status should avoid all
physical activity outdoors.
Everyone else should
avoid prolonged or heavy
exertion.

Everyone should avoid all
physical activity outdoors;
people with heart or lung
disease, older adults,
children, and people of
lower socioeconomic
status should remain
indoors and keep activity
levels low.

Moderate 12.1-35.4 51-100

Unhealthy for ~ 35.5-55.4 101-150
Sensitive

Groups

Unhealthy 55.5-150.4 151-200

Very 150.5-250.4 201-300

Unhealthy

Hazardous 250.5+ 301+

Table 2).

Decreased air quality hampers visitor experience aesthetically, but
also by exposing visitors to health risks. In order to mitigate such risks,
either visitors must first recognize the presence of particulate matter and
take appropriate actions or parks must notify visitors of the risks and
similarly take management actions. Public perception of pollution is not
directly related to numerical air quality measurements in the United
States (Brody et al., 2004). Instead, additional criteria influence whether
people recognize pollution as being present, such as whether residents
are urban or rural, a location’s developmental context, and the pollution
source. Pollution sources also largely determine how air quality is
perceived- industrial pollution is more readily perceived, while pollu-
tion from wildfires may appear more “natural” within the context of
national parks (Cori et al., 2020; Reames and Bravo, 2019). Previous
research indicates that visitors can perceive very low pollution levels
impacting views in national parks (Hyslop, 2009). The key question is
whether this perception then leads to mitigation actions such as
displacement from impacted areas.

Climate, topography, localized weather, seasonality, and other fac-
tors determine types of recreation undertaken in national parks, but
extreme events exacerbated by climate change, such as heat waves,
impact outdoor recreation and lead to recreationist displacement from
preferred locations and activities (Halofsky et al., 2020). Similarly,
wildfires and smoke may also produce localized displacement. For
example, in Yosemite National Park, most visitors generally engage in
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Table 2

Ecological descriptors and associated visitation averages for National Parks
included in study. Attendance is normalized to each park’s median values for
July, August, and September for 2009-2019.

Eco- Park Description Hectares  Median
region Unit Summer
Attendance

The Cascades feature
diverse landscapes, with
Crater lower elevations

Lake showcasing pine forests
Mount and higher elevations
Rainier with subalpine meadows
and alpine tundra. Air
quality varies, with urban
areas experiencing higher
pollution levels, while
higher elevations enjoy
cleaner air and are
influenced by down
canyon winds. There are
distinct seasons, with wet
winters and dry, warm
summers, and have
historically experienced
both low-intensity and
high-intensity fires,
although recent years
have seen more intense
wildfires due to climate
change.

Coast Range forests
consist of evergreen and
deciduous trees,
including Redwoods. The
Pacific Ocean moderates
air quality, resulting in
cool and moist weather
with fog acting as a filter
for pollution. However,
fog can also trap
particulates and release
them during dry spells.
While the region has been
relatively spared from
megafires, recent years
have seen increased fire
activity due to climate
change.

The Sierra Nevada
feature diverse
vegetation, ranging from
oaks and chaparral in
lower elevations up to
coniferous giant sequoias,
pines, and cedars. The
Mediterranean climate
brings hot, dry summers
and cool, wet winters,
with higher elevations
receiving more
precipitation and snow.
Air quality varies, with
pollution influenced by
the Central Valley, but is
good overall, improving
with elevation. Natural
processes and human
activities have
historically shaped fire
regimes, with recent
decades demonstrating
fuel accumulation and
increased incidence of
extreme wildfires.

Cascades North
Cascades

204,226 6752
74,148 111,194

95,641 269,951

Coast Redwood
Range Olympic

31,450
369,643

57,666
515,266

Sierra Sequoia-
Nevada  Kings
Canyon
Lassen
Volcanic
Yosemite

350,352 270,000

43,101 90,517

307,435 615,892
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lower, shorter-term exertion activities such as walking and visiting
interpretive facilities in Yosemite Valley. However, Yosemite Valley is
subject to extreme inversion layers due to its topography during periods
of decreased air quality, as its steep walls limit air mixing (Colette et al.,
2003).

Given the significant increase in wildfire area burned in the western
US over the last three decades due to anthropogenic climate change
(Abatzoglou and Williams, 2016), there is a critical need to understand
how National Park Service visitor experience is affected by, and poten-
tially even responding to, increased wildfire smoke impacts during peak
visitation season. Determining whether visitors are self-mitigating
smoke exposure by not going to parks can help inform both park man-
agement strategies and education efforts around the risks of particulate
matter to human health. Researchers have identified air quality and its
potential influences on visitation within the greater context of climate
change as a specific gap in the literature (Rutty et al., 2022). Clark et al.
(2023) specifically assessed the impacts of remotely sensed black carbon
on visitor attendance. They found no decrease in attendance, but one of
the key limitations of their study was the coarse spatial resolution of the
black carbon data they utilized and whether or not it reflected surface
level air quality accurately.

We build on Clark et al. by using ground-level air quality observa-
tions to ask how diminished air quality from wildfire smoke affects
visitor attendance at eight national parks in the western US. Specifically,
we ask whether visitor attendance varies in relation to particulate
matter during peak visitation season of July, August, and September. We
explore results across three scales; individual park units, ecoregion, and
National Park Service regions to discuss implications for park manage-
ment, resource allocation, and challenges associated with seasonal
environmental hazards in National Parks in the West.

2. Data and methods
2.1. Study area

For this study, we assessed eight Pacific West region national park
units in Washington, Oregon, and California (Fig. 1), including Crater
Lake, Lassen Volcanic, Mount Rainier, North Cascades, Olympic, Red-
wood, Sequoia-Kings Canyon, and Yosemite National Parks. The full
name of Redwoods National Park, Redwoods National and State Parks
reflects a unique partnership, pairing the National Park Service and the
State of California in a collaborative management agreement and shared
general plan for several non-contiguous units (National Park Service,
2022). However, attendance data are specific to the National Park
component of the units. These eight parks all experience peak visitation
in late summer, naturally occurring wildfire, and similar climate change
impacts through increased drought, tree mortality, and wildfire (Hal-
ofsky et al., 2020; Kolden et al., 2015; Libby, 2017; Steel et al., 2015).
They vary in attendance ranging from as few as roughly 2000 visitors
per month (North Cascades) to over a quarter-million visitors per month
(Yosemite).

2.2. Data sources

A national dataset of daily PMj 5 levels at 10-km resolution gener-
ated from wildfire smoke (Childs et al., 2022) was utilized for the
analysis. The data were derived from machine-learning using ground,
remotely sensed, and reanalyzed data sources rather than chemical
transport models. While the machine learning model performed well
with overall and within R-squared aligning and explaining two-thirds of
data variability, the authors validated their results against additional
datasets. Author-identified uncertainty associated with this specific
dataset includes focusing on total-smoke PM2.5 rather than differenti-
ating into subtypes, as well as data being trained against non-smoke
day’s median PM2.5 measurements. Initial steps included overlay
analysis in GIS software to select all grid polygons intersecting park unit
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Fig. 1. The eight National Parks grouped by EPA Level III ecoregions stretching from Northern Washington south through Central California (EPA, 2023a). Map by

authors. Layers via the National Park Service and EPA.

boundaries. PM2.5 data for each grid cell were merged with the geo-
spatial layer based on an inner join in R Studio, and each grid cell
received a unit-based code, e.g. Yosemite grid cells were identified as
YOSE. PM; 5 daily data were combined to calculate monthly means in
alignment with the attendance data’s monthly interval through
grouping by grid cell ID, month and year, then summarized by park unit
code. Then, an additional field of term-based categorization was added
to the dataset for use as levels in R analysis. Limitations to the PM2.5
data through aggregation include loss of granularity for both spatial
(10 km to unit wide) and temporal (day to month) scales.

National park attendance for all recreation visits in recorded years
was collected from the National Park Service’s Integrated Resource
Management Applications (IRMA) Park Visitor Use Statistics for each
park. The data were then subset to 2009-2019. The decade range 2009

through 2019 was explicitly selected for the observational period, as it is
after the most recent recession and before the Covid-19 pandemic.
Attendance were then normalized into percentage deviation from the
median through calculating the median monthly summer attendance
across July, August, and September for 2009-2019 for each park
(n = 33). We recognize trends associated with the 2016 National Park
Service Centennial influenced increased park attendance and future
research may explore which parks were most influenced and corre-
sponding detrending of data may contribute to future methodological
refinement. We then aggregated data to ecoregion and unit wide to
facilitate comparisons at three total managerial scales and to increase
the number of data points and to minimize anomalies associated with
single park closure events. As the number of parks varies by ecoregion,
the number of air quality-attendance month-pairs also varied with each
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ecoregion (Cascades: n = 99; Coast Range: n = 66; Sierra Nevada:
n = 99). Both PM2.5 measurements and calculated deviations from the
median and non-normal.

2.3. Analysis methods

We utilized the non-parametric test Kendall’s Tau for evaluating the
association between monthly normalized median attendance deviation
and PM; 5 values at three scales-individual park unit, ecoregion, and the
full Pacific West region (Kendall, 1938). We also utilized analysis of
variance (ANOVA) and post hoc Tukey HSD tests to assess the rela-
tionship between continuous normalized attendance values and cate-
gorical air quality categories across each of the three scales (Tukey,
1949). We then summarized the data to assess the directionality of
median values for each air quality category, providing additional in-
sights into the relationship between air quality and attendance. We
created supplemental box plots demonstrating departure from the me-
dian and results tables to visually present the statistical results and
identify attendance trends reflecting air quality. Relying solely on cat-
egorical data can potentially obscure underlying trends due to aggre-
gation, which is why both categorical and numerical data were
considered in this analysis.

3. Results
3.1. Variation in peak visitation attendance across scales

3.1.1. Kendall’s Tau

The Kendall’s Tau analysis results, as detailed in Table 3, demon-
strate a singular park at which there is a statistically significant rela-
tionship between increasing particulate levels and decreasing
attendance- Yosemite National Park. Additionally, there are three sta-
tistically significant instances in which attendance increases as partic-
ulate matter increases, as seen in the North Cascades, Mount Rainier,
and Olympic National Parks, respectively. When aggregated to ecor-
egion, results indicate a lightly positive relationship between increasing
particulate matter and increasing positive deviations from median
attendance for the Cascades ecoregion. There is no statistically signifi-
cant relationship between particulate matter and deviations from me-
dian attendance across the Pacific West unit.

3.1.2. Analysis of variance

Of 115 instances of shifts between air quality categories at the park
unit level, there are no statistically significant shifts in which attendance
decreases below the median corresponding to increases in particulate

Table 3
Kendall’s Tau analysis results- Yosemite National Park is the singular entity
exhibiting a statistically significant decrease in attendance.

By Park Unit

Unit Kendall's Tau P-Value

North Cascades 0.2383223 0.05255*

Crater Lake —0.0476655 0.6982

Mount Rainier 0.2438113 0.04716*
Redwood —0.1883941 0.1248

Olympic 0.3063783 0.01255*
Sequoia-Kings Canyon 0.0589921 0.0589921
Lassen Volcanic 0.1547313 0.209

Yosemite —0.3473384 0.004759*

By Ecoregion

Cascades 0.1463273 0.03299*
Coast Range 0.07412769 0.3817
Sierra Nevada —0.0197512 0.7739
Full Region

Pacific West Region 0.0629798 0.1299

Journal of Environmental Management 358 (2024) 120702

matter (p adj = 0.05, 95% CI). There is one statistically significant result
in which attendance increases corresponding to increases in particulate
matter from the Good air quality category (—18% below median
attendance) to Moderate (22% above median attendance). We visualize
the ANOVA results as box plots in Fig. 2.

When aggregated to the ecoregion level, as well as full Pacific West
unit level, there are no statistically significant shifts in which attendance
decreases below the median corresponding to increases in particulate
matter. For air quality category shifts in ecoregions, there are two sta-
tistically significant shifts within the Cascades ecoregion, both as air
quality decreases from Good (—10.27% below median) to Moderate
(12.38 above median), and Good to Unhealthy (23% above median).
This positive increase in deviation from the median is also present at the
Pacific West level in one instance shifting from Good to Moderate air
quality. These shifts are supplementally visualized in Fig. 3.

4. Discussion

Results suggest that attendance counts do not consistently decrease,
corresponding to increased particulate matter in the air for Pacific West
forested parks, regardless of analysis scale from individual park through
full region. We emphasize that correlation does not imply causation in
this context. Visitors are not attending at higher rates due to increased
instances of reduced air quality; instead, they are still attending in spite
of, air quality, as further discussed below. Our results demonstrate vis-
itors are not changing behavior through decreased attendance, with
attendance values remaining high despite hazardous air quality overall.
Visitors therefore may be electing to displace within parks, seeking
refugia from reduced air quality, or tolerating conditions despite risk.
Visitors generally change their behavior based on conditions within
their respective locations, which vary across based on park contexts and
ecoregion considerations such as microclimate and topography, with
more diverse parks featuring increased adaptive capacity (Wilkins et al.,
2021). Attendance persisting during suboptimal conditions is supple-
mented by recent research in the Yosemite National Park region indi-
cating that even with one or more park gates (i.e., park ingress) limited
by wildfire-driven road closures, visitors choose to still access parks,
rather than displace to gateway communities (Brown and Jenkins,
2023).

We anticipate multiple potential impacts and associated managerial
implications for the lack of reduced visitation during decreased air
quality periods as contributing factors related to climate change persist
(Abatzoglou et al., 2021). Overall persistent attendance corresponding
to high levels of particulate matter throughout summer requires specific
reflection for addressing related challenges and outcomes. Managing
visitors is an especially critical challenge regarding increased attendance
volumes during instances of harmful air quality. Responses to manage-
rial challenges associated with decision making reflective of decreased
air quality may be complicated by the National Park Service juggling
fundamentally conflicting mandates-whether the air is crystal clear or
hazardous to breathe. The National Park Service is mandated ...

“... to conserve the scenery and the natural and historic objects and
the wild life (sic) therein and to provide for the enjoyment of the
same in such manner and by such means as will leave them unim-
paired for the enjoyment of future generations ...” - National Park
Service Organic Act, 1916.

Summarily - to preserve functional environmental conditions while
facilitating visitor experiences, while climatic and environmental con-
ditions are degrading. For example, climate projections for the Sequoia-
Kings Canyon region demonstrate increased climatic event extremes,
increased overall temperatures, decreased precipitation, and increased
levels of PM2.5 are expected to increase into the next century (Low,
2021; Ford et al., 2018). Researchers explicitly call for adaptive action as
visitors will be increasingly exposed to reduced and harmful conditions
in pursuit of recreation. We further reflect upon impacts on staff and
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Fig. 3. Categorical shifts from Good air quality through Hazardous air quality for each of the three ecoregions and the overall Pacific West, visually demonstrating
light overall increases in attendance departure from median attendance corresponding to decreases in air quality category.

management resources across three dimensions: visitor experience,
ecological degradation, and managerial implications.

Scenic viewpoints, popular destinations across the full Park Service
landscape, as these viewpoints significantly enhance the overall visitor
experience and operate as a microcosm of the interface between visitors
and decreased air quality condition. Visitors collect at pre-determined
destinations, often congested with people, vehicles, and in these in-
stances — particulate matter. Despite degraded visuals and harmful air
quality conditions, scenic vistas and overlooks still operate as a
“checkbox” for visitors to complete associated with auto-centric evolu-
tion for park consumption, such as Yosemite’s Tunnel View (Louter,
2006; Taff et al., 2013). Promoting less congested park areas can
disperse visitors to different microclimates (such as higher elevations),
thereby decreasing densities in areas with increased particulate matter
levels.

As air quality diminishes, visitors may face increased physical
discomfort and health risks depending on personal health, exposure
duration, and exertion levels. Managers have historically encouraged

displacement to other areas of the park that have improved air quality to
mitigate these concerns. They may further consider offering alternative,
designated respite, as seen frequently in other situations harmful to
public health-such as heatwaves experienced in these western ecor-
egions. For example, 2023 research in Mariposa County (home to
Yosemite National Park) identifies that medically sensitive adults
intentionally seek out physical interventions to mitigate health impacts,
specifically from heat and wildfire smoke, including accessing air
filtration systems and avoiding outdoor activity (Hoshiko et al., 2023).
The concept of a public cooling center may be directly translated into a
designated relief space in instances of reduced air quality, particularly in
parks with other limited infrastructure and access to ventilation and air
quality-controlled environments. Other state and federal public agencies
including Departments of Education and the California Air Resources
Board (CARB) exercise limitations recommended by institutions such as
the during instances of reduced air quality. School facilities have oper-
ated as Cleaner Air and Cooling Centers with guidance from the Envi-
ronmental Protection Agency, in direct response to Pacific Northwest
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heatwaves and air quality issues in 2021, utilizing Covid-19 American
Rescue Plan (ARP) funding (EPA, 2023b).

Additionally, as seen with Covid-19, supplemental filtration systems
may be utilized to improve localized air quality, such as in a camp-
ground restroom facility. By proactively managing crowds and pro-
moting healthier alternatives, park managers can ensure visitors can
recreate more safely, as results demonstrate attendance persisting (often
increasing) despite air quality levels in Unhealthy for Sensitive Pop-
ulations and beyond.

Departures from the medians potentially reflect visitors who would
have attended during periods of improved quality with the ability to
withdraw at short notice (i.e., those within reasonable drive time or
increased schedule flexibility to “try again™). Locals can stay home and
reschedule on comparatively shorter notice, while a substantial pro-
portion of visitors have traveled further and may be more inclined to not
miss their opportunity given financial and planning costs associated
with accessing national parks, such as booking flights, limited back
country permits, or stringent accommodations policies (Brown and
Jenkins, 2023). Meanwhile, outside of visitors’ accommodations within
and proximate to parks, air quality is correspondingly reduced. Though
visitor attitudes are shifting toward recognizing smoke as a component
of vital, natural ecological processes, visitors have not yet fully
embraced the concept of smoke being an essential part of the park
environment (Zajchowski et al., 2019). Mixed results indicate varied
tolerance of smoke depending on the smoke source (e.g., prescribed
versus managed wildfire), as well as a division between those who see
fire as a needed tool and those who do not (Ellison et al., 2021; Peterson
et al., 2022).

Recreation is a significant driver of park visitation and given
increased attendance levels during instances of reduced air quality, we
can ascertain corresponding levels of exertion based on specific activ-
ities available at the included parks. As one of the most exertional ac-
tivities, hiking is present across all parks for varied distances, weather
conditions, and required exertion levels for desired outcomes. For
example, visitors can drive to the Rim Village Visitor Center within a
quarter-mile of Crater Lake’s rim at Crater Lake National Park and enjoy
the vista with minimal physical exertion required. The lake is directly
visible from within the Visitor Center. Wizard Island, a prominent cinder
cone within Crater Lake, is a popular vista for sightseers and photog-
raphers. With wildfire smoke and particulate matter contributing
directly to decreased visibility, vista-specific features require consider-
ation of their scene-dependent qualities (Malm et al., 2018). Meanwhile,
other locations, such as Sahale Glacier in North Cascades National Park,
feature a strenuous hike across complex terrain, rewarding hikers with
scenic vistas and extended cardiovascular exercise.

Across park sites, topography, time of day, climatic conditions, and
other influences determine the level of potential particulate entrain-
ment. In Redwoods National and State Parks, the proximity to the Pacific
Ocean moderates weather and air moisture content, leading to pre-
dictable temperatures throughout the day, but can also trap particulates
close to the ground due to a lack of air mixing (Hurt, 2021). Meanwhile,
in Sequoia-Kings Canyon National Parks, further inland and to the south,
conditions reverse as temperatures can shift substantially due to eleva-
tion, diurnal patterns, and upslope wind patterns in the morning can
flush the region of pollution trapped by nightly inversion layers (Buysse
et al., 2018). Visitors must weigh the benefits of exposure to potentially
harmful air quality with the goals and potential outcomes of their ex-
ertional decision-making related to other biophysical experiences (Tai-
nio et al., 2021). National Park sites regularly feature a limited number
of ingress and egress corridors (i.e., limited ways in and out during
emergency scenarios), such as complete closures and mass evacuation
seen with the 2021 Dixie Fire in Lassen National Park (National Park
Service, 2021). Particulate matter, observed as reduced visibility,
negatively impacts visitor experience, and exposes visitors and em-
ployees to increased risks, particularly for drivers. In unfamiliar envi-
ronments, visitors encounter heightened risks of accidents even under
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clear conditions; reduced visibility associated with wildfire smoke
further exacerbates these risks (Federal Highway Administration, 2023).

As ecological protections are a significant component of the National
Park Service’s guiding policy, considering individual ecoregions is
essential for reflecting upon impacts of persistent attendance during
instances of increased particulate matter. Ecologists observe multiple
interactions where PM 2.5 influences ecological processes. Fire is an
inherently natural process, with landscapes in the West long-adapted to
recurring fire to reduce ladder fuels and underbrush, induce plant gen-
eration, and provide shelter to a variety of species, amongst other ben-
efits (Sugihara et al.,, 2006; Van Wagtendonk and Lutz, 2007;
Montagné-Huck and Brunette, 2018; Urgenson et al., 2017). After a
century of extreme fire suppression, public land managers are turning
more often to managed fire, including facilitating natural lightning ig-
nitions (managed wildfire, beginning in the 1970s) and increased
site-specific control burns in more populated regions (Van Wagtendonk
etal., 2012; Jones et al., 2022). Despite shifting paradigms towards fire,
ecological function, and conservational efforts may be negatively
impacted by visitation retention during reduced air quality, as reflected
in our analysis.

Multiple fern species (Polystichum munitum, Struthiopteris spicant) in
Redwood National and State Parks are highly susceptible to disruption.
They currently face extirpation due to climate change- particularly
rising temperatures - would be vulnerable to compound stressors,
exacerbated in areas of understory disruption (e.g., trails) (Kassuelke
et al., 2022). Coast Redwoods (Sequoia sempervirens) in Redwood Na-
tional and State Parks, and Giant Sequoia (Sequoiadendron giganteum)
trees in Sequoia and Kings Canyon National Parks feature shallow and
sensitive root systems and are incrementally undergoing protections to
remove direct human impacts at popular groves (Koopman et al., 2014;
Jenkins and Brown, 2019). In Yosemite Valley, the most heavily traf-
ficked portion of Yosemite National Park, fragile meadow ecosystems
and unique plant species are particularly susceptible to compounded
hazards as they already face degradation due to social trails and drought
stressors (Walden-Schreiner and Leung, 2013). Sensitive vegetation
cannot adapt quickly enough to shift limited geographic ranges to
reduce physical and environmental stressors.

Maintained high levels of visitation during instances of decreased air
quality compounds negative ecological impacts. Compounded hazards
to ecological settings, or “multiple stressors”, are more harmful-beyond
simply additive-to ecological function and healthy environments than
singular damaging influence (Paine et al., 1998; Pirotta et al., 2022).
Reduced air quality weakens plant growth and function (Weber and
Grulke, 1995). PM2.5 negatively impacts plants through deposition
directly on foliage and through uptake in soil moisture, disrupting plant
metabolic processes (Leser, 2021). Furthermore, PM2.5 impacts how
foliage breakdown and reincorporates into the soil by reducing break-
down speeds. In turn, PM2.5 dissolution into the soil impacts aquatic
ecosystems, perpetuating cyclical ecological functions and potentially
contributing to biodiversity loss (Wu and Zhang, 2018; Leser, 2021).
Therefore, in a region already enduring degradation by social trails
(walking off established paths), vegetation is subject to increased wear
resulting from compound stressors of decreased air quality and human
behavior of persisting visitation levels during reduced air quality.

Our findings augment that of other recent studies utilizing large scale
remotely sensed data through increased spatial granularity and in-situ
data (Clark et al., 2023). We echo their recommendation to limit
visitor access reflecting air quality conditions. We expand further within
the context of park management decision-making. Park managers may
explore effective crowd management strategies already utilized within
other contexts to combat ecological, resource, and experiential chal-
lenges associated with decreased air quality. One approach is the
implementation of timed entry systems, which can help regulate the
flow of visitors and reduce congestion during peak reduced air quality
time frames.

In recent decades, select sites within the National Park Service have
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implemented quota and access systems to limit entry to public areas to
maintain predictable thresholds for visitation to sensitive destinations.
For example, Zion National Park’s shuttle system, implemented in 2000,
directly resulted from overcrowding and degradation in the popular
Zion Canyon (Wadsworth, n.d.). The National Park Service maintains
the ability to adjust shuttle timing and frequency as a function of de-
mand, resulting in desired prescriptive, sustainable outcomes (Mace
et al., 2013; Schindler and Hilborn, 2015). Implementing the shuttle
system to combat a dynamic challenge is an example of park manage-
ment incorporating adaptive management principles, generally defined
as the ongoing update and improvement of management strategies and
approaches in response to changes in information and the environment
(Prato, 2006). Adaptive management relies on data-driven decision--
making to observe and evaluate decisions, then adapt as needed to reach
specific goals. Managing predictable anthropogenic disturbances at
localized scales, such as social trail degradation, contributes to ecolog-
ical system resilience, while much of ecosystem conservation is based in
unpredictable or computationally difficult to model ecological dynamics
(Sasaki et al., 2015).

National park size and associated levels of infrastructure requiring
upkeep pose specific challenges- and competition-for financial re-
sources. Allocating financial resources is a foundational component for
safe and effective public lands management of the National Park Service
(Ascher, 2001; Dilsaver, 2016). The National Park Service has been
combatting maintenance challenges and budgetary shortfalls in recent
years (Loris, 2020; Walls, 2022). Resource allocation, which includes
managing person-hours, is essential to ensure the safety and sustainable
enjoyment of visitors. Moreover, managers must adapt resource allo-
cation strategies to address specific environmental factors, including air
quality. For instance, during periods of poor air quality, parks may
require staffing changes to address the associated challenges, such as
interpretive rangers communicating directly with visitors, or placing
literature information and “sandwich boards”, in contrast to times when
air quality is improved. Despite a 9% increase in visitation over the past
decade, there has also been a 9% reduction in staffing across the Na-
tional Park Service. Ultimately, fewer people perform park-sustaining
tasks during normal conditions (Congressional Research Service,
2020). The most significant paradigm (and resource) shift in demand
across public lands, National Parks included, has been increased strain
on firefighting resources in both emergency response and proactive,
planned control burns (and managed wildfire).

As a direct response to the Covid-19 pandemic, multiple National
Parks implemented visitor reservation systems beginning in 2020 - an
adaptive management approach using data to drive decision-making to
achieve a specified goal with updates to the plan as needed based on
changes in data. Reservation systems were designed to reduce crowding
and meet social distancing guidelines, with the additional benefit of
easing congestion and mitigating impacts of overuse, particularly at
popular trails and front country destinations (Jenkins et al., 2021). Parks
implementing reservation systems had visitors access a web-based
permitting system, allowing visitors to select the day and time frame
they would like to enter. The National Park Service, leveraging the web
platform www.recreation.gov, has implemented, removed, and adjusted
reservation systems multiple times, previously utilizing it to book rec-
reational reservations. Instead of fluctuating services as a function of
demand (as with shuttle systems), operational adjustments were made
based on infection levels and guidance at a park-by-park level. The
flexibility of the web booking system offers visitors the ability to manage
reservations reflecting current and forecast air quality conditions.
Following the decline of the most extreme Covid-associated limitations,
Yosemite National Park continues to utilize their reservation system to
manage visitation during popular weekends and during the busy season.
Simultaneously, reservation systems allow management to not only
adaptively limit visitation to reduce exposure to harm for humans and
ecological systems alike directly in response to the sum of conditions and
associated impacts, but also utilize reservations to project demand and
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use during harmful conditions.

The implementation of Covid-19 associated park access constraints
(i.e., reduced visitation limits and reservation systems) serves as a strong
example of adaptive management to mitigate public health risks. For
over three decades, the National Park Service has studied, monitored,
and communicated with the public on air quality concerns (Beissinger
et al., 2016). They currently operate an extensive system across 65 park
units actively monitoring air quality conditions and taking action to
limit access when air quality levels deteriorate to the most extreme
health-threatening conditions (National Park Service, 2023). Other
public agencies exercise the capacity to limit public health risks directly
related to air quality. State Departments of Education maintain limita-
tions for student activity at public school facilities. Based on duration of
exposure and intensity of activities, school sites actively manage recess,
physical education classes, athletic practice, and sporting competitions —
each of which are comparable to various exertional activities under-
taken in National Parks (hiking, rock climbing, backpacking, etc.)
(California Department of Education, 2019). Notably, one in three vis-
itors to National Parks in under the age of 18 and would largely expe-
rience the same physical activity limitations while at public school
settings (Xiao et al., 2022).

Recommendations and constraints on exposure to reduced air quality
highlight the importance of utilizing adaptive management strategies to
address public health risks, as these results demonstrate relying solely on
individuals to mitigate health risks is insufficient. Recalling that an
essential component of successful management is predictability, it is
essential to update and improve of management strategies as a response
to fluctuations, generating consistency in, visitation thresholds during
instances of increased PM2.5 and reduced air quality (Prato, 2006).
Managers maintain broad discretionary decision-making abilities and
may adapt park policy reflective of anthropogenic climate change driven
challenges without competing with Organic Act mandates (Biber and
Esposito, 2016). The National Park Service may operationalize access
constraints, such as reservation systems and dynamic attendance
thresholds reflective of current and forecast air quality conditions while
upholding its foundational principles.

To maintain focus on implications for National Park Service man-
agement, this paper does not include discussion on other parks and
protected areas. We suggest further research avenues expanding into
how visitors recreate within different operational contexts including
National Forest Service and Bureau of Land Management spaces. Addi-
tionally, we recognize that while we analyze and discuss if people are
visiting Parks during instances of reduced air quality, and how man-
agement may manage attendance during air quality public health con-
cerns, we do not address the why of persistent visitation. We encourage
future research on driving factors of persistent visitation, whether
related to limitations of available personal time for visitors, reservation
constraints, economic considerations, and other factors. Additional data
sources that may be utilize to further explore visitation trends within
National Parks and other public lands include the publicly available
IMPROVE dataset out of Colorado State, which monitors protected vi-
sual environments.

5. Conclusions

Despite risks to personal health and degradation of experiences,
visitation does not decrease at select National Parks, corresponding to
increased levels of particulate matter. To preserve visitors’ health and
experience, the national park service may choose to implement adaptive
quotas like those utilized during Covid-19 to decrease the number of
visitors exposed to particulate matter’s harmful effects. Specific actions
parks can take immediately include increasing public education around
risks associated with recreating in reduced air quality conditions,
providing supplemental rest and clean-air facilities, limiting access to
especially sensitive ecological areas, and encouraging dispersal into
other park microclimates and destinations. We promote further analysis
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of PM2.5 impacts at individual park scales and more granular data levels
to better understand the influence of particulate matter and air quality
from park-area microclimates and anticipated trends in future visitation
to National Parks.
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