It’s not just noise: The consequences of inequitable noise for urban wildlife
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Abstract

Understanding how systemic biases influence local ecological communities is essential for developing
just and equitable environmental practices that center both human and wildlife wellbeing. With over
270 million U.S. residents inhabiting urban areas, the socio-ecological consequences of racially-targeted
zoning, such as redlining, need to be considered in urban planning. There is a growing body of literature
documenting the relationships between redlining and the inequitable distribution of environmental
harms and goods, green space cover, and pollutant exposure. However, it remains unknown whether
historical redlining impacts the distribution of urban noise or whether inequitable noise drives an
ecological change in urban environments. We conducted 1) a spatial analysis of how urban noise
corresponds with the distribution of redlining categories and 2) a systematic literature review to
summarize the effects of noise on wildlife in urban landscapes. We found strong evidence that noise is
inequitably distributed in redlined urban communities across the United States, and that inequitable
noise may drive complex biological responses across diverse urban wildlife, reinforcing the
interrelatedness of socio-ecological outcomes. These findings lay a foundation for future research that
advances relationships between acoustic and urban ecology through centering equity and challenging

systems of oppression in wildlife studies.

Introduction
With approximately 270 million people in the United States residing in urban and suburban areas %,

humans continually shape and are themselves shaped by urban environments. Urban ecologists have
long recognized the unique connections between social and ecological processes that occur in these
settings 2. Social processes, such as systemic biases influencing institutional policies and urban planning
practices, can directly impact biological patterns *. One prominent example of systemic bias in urban
landscapes is residential segregation, which involves the spatial separation of different demographic
groups within a city . Residential segregation stems from complex political and socio-economic factors,
including uneven industrial development, discrimination in real estate lending, urban zoning, inequitable
government financing, and workplace discrimination >*2. Notably, redlining stands out as one of the
most explicit forms of residential segregation in the United States. From 1933 to 1968, redlining
involved assigning neighborhoods into ordinal grades from A to D, largely based on race.
Neighborhoods with populations considered "non-white" at the time, such as people of color and

immigrants, were designated C and D grades which received limited investment from governments and



banks, leading to reduced opportunities to obtain loans 3. These communities were also excluded from

purchasing homes in predominantly white A and B grade neighborhoods 3.

The legacy effects of these Home Owners' Loan Corporation (HOLC) grades and other mechanisms of
residential segregation continue to persist today, resulting in landscape-level trends and pervasive
environmental inequities. Segregated communities experience the highest incidences of urban poverty
in the United States and are disproportionately affected by environmental injustices ***°. Redlined
neighborhoods have higher exposure to environmental hazards like air pollution, toxic waste, and flood
risks, while facing reduced access to environmental necessities such as parks and tree cover 221,
Reduced greenspace access compounds the issues related to increased pollutant exposure, as
greenspaces play a vital role in ecosystem services, like air pollution removal, carbon sequestration, and
heat island reduction 2>?4, Historical and present-day city policies contribute to these observed patterns.
We focus on redlining as a historical practice, but other practices like formal segregation, intentional
hazardous pollutant placement, weak regulatory enforcement in marginalized communities, and limited
opportunities for communities of color in decision-making 122> also exacerbate urban planning
inequities, leading to increased toxin exposure and health risks, including asthma, cancer, and higher

mortality rates 2427733,

Despite extensive research on the impacts of environmental injustices on human health, researchers are
just beginning to understand and predict the consequences of these social inequities on ecological
communities 7. Recent evidence suggests that the unequal distribution of tree and green space cover,
environmental pollutants, impervious surfaces, and urban heat islands along redlining gradients could
explain patterns in ecological communities and wildlife behavior 7. These predictions are based on the
'luxury effect,' or the association between higher socio-economic status and increased urban vegetation,
which may also influence animal diversity patterns 3*38, However, support for the luxury effect has been
inconsistent ¥/, as inequality in biodiversity distribution across socio-economic gradients can be
influenced by city spatial structure, population density, social policies, climate conditions, and human
preferences 3°. For instance, highly developed urban centers may have limited space for vegetation,
while less developed residential areas on city edges may support greater biodiversity due to larger yards
that serve as resources for wildlife 371, Urban population density may also be a stronger predictor of

biodiversity than socio-economic status in many cases *°. Additionally, positive relationships between



biodiversity and socio-economic status might be more prevalent in arid regions due to the higher costs

of planting and irrigating trees and parks .

Noise pollution is a neglected factor in the urban socio-ecological literature, including research on the
luxury effect, despite its well-documented human health impacts *2. Noise from industry and
transportation networks propagates over significant distances, and its prevalence is predicted to
increase “%. In the United States, traffic volume has grown 8% in the past decade (2010-2021), surpassing
population growth *. Nearly 90% of the contiguous United States experiences noise above 30 decibels
(dB), with over 100 million Americans exposed to levels exceeding 70 dB, which can cause severe health
effects *2. Even 50 dB of noise can contribute to negative health impacts *°. These effects are
compounded for communities of color and low-income groups due to segregation mechanisms exposing
them to greater noise pollution compared to wealthier, predominantly white communities 678, with
potential cascading consequences for human health *°. However, research on inequitable noise has not
explicitly assessed how racially-targeted zoning policies, like redlining, affect noise distribution and its
connection to urban ecology. Here, we focus on inequitable noise distribution mapped onto redlined

areas to further demonstrate these impacts on both humans and wildlife.

Noise not only significantly affects human health but also has extensive and varied impacts on wildlife.
Hundreds of studies since 1990 have documented responses in terrestrial and aquatic taxa to noise, with
effects becoming more severe as noise levels increase from ~40 dB to over 100 dB *®. These impacts
include changes in animal communication, movement, foraging behaviors, distributions, community
structure, and predator-prey interactions. Noise exposure can also lead to adverse physiological effects
on reproduction and stress **°%°1, affecting individual fitness, energy budgets, predation risk, and vital
sound cues *°°3, With a multitude of documented impacts, it is perhaps unsurprising that a recent meta-
analysis found that noise affects most species studied >, making it a pervasive driver of ecological

change.

The consistent evidence of noise pollution’s pervasive effects on a diverse array of taxa ** suggests that
elevated noise may represent an invisible, but important factor shaping the distribution and behavior of
urban animals. Elevated noise levels in redlined neighborhoods may interact with reduced green space
cover and other environmental inequities to further diminish urban biodiversity and habitat suitability,

affecting ecological processes and potentially impacting both humans and wildlife. However, our current



understanding of the distribution of noise across redlining grades and the potential impacts of
heightened noise on urban wildlife remains incomplete. To address these knowledge gaps, we first
quantified the distribution of noise across HOLC redlining grades. We focused on redlining instead of
other measures of residential segregation because redlining is explicitly racially-targeted and outcomes
of redlining can be directly linked to racial bias. Additionally, historical redlining patterns are strongly
associated with present-day racial segregation and income inequality *°. Next, we conducted a literature
review to assess the current state of knowledge regarding the effects of noise pollution on urban
wildlife, with particular emphasis on how these impacts change as noise levels escalate. Lastly, we
synthesized potential impacts of inequitable noise on urban wildlife using the results from both the

redlining noise analysis and the literature review.

Results
Noise distribution across HOLC redlining grades

We summarized noise levels across redlining HOLC grades in 83 U.S. cities based on estimates of daily
(averaged over 24-hours) exposure to transportation noise *6. The mean excess noise level (N mean; an
area-weighted metric of average transportation noise energy in A-weighted decibels >35 dBA averaged
over a 24-hour period per 30m x 30m pixel with units of dBA/900m?; see Methods for calculation) across
all cities ranged from 0.17-69.9 with a mean of 20.6 + 0.8. The mean noise level ranged from 47.4-58.5
dBA and had an overall mean of 52.3 + 0.09 dBA, without accounting for area differences. The best-
fitted linear model found that both HOLC grade and city population size significantly predict the amount
of excess noise in an area (top model has 100% of model weight and AAICc for the top three models was
0.00, 29.83, and 52.20). However, HOLC grades had much greater effects on excess noise (R? = 0.24, see
Supplementary Table 1 for full model output). These results indicate that historic HOLC grades are
predictive of area-corrected excess noise in urban neighborhoods throughout the United States, being
more correlated to excess noise than city area and population size. Excess noise was significantly lower
in grade A neighborhoods compared to all other grades (p < 0.001), and in grade B neighborhoods
compared to grade D neighborhoods (Fig. 1A). Grade C and D neighborhoods had the highest maximum
noise overall (maximum noise values averaged across all cities per each HOLC grade: A=77.3 dBA; B =
83.9 dBA; C = 88.0 dBA; and D = 89.8 dBA; Fig. 1B). Notably, grade D neighborhoods experienced 17%
higher maximum noise levels (12.5 dBA - a more than 10-fold increase in sound pressure level) than
grade A neighborhoods (Fig. 1B). The distribution of maximum noise levels also varied by HOLC grade,

where cities more frequently had maximum noise levels below the 70 dBA EPA upper noise limit in



grade A neighborhoods and nearly all cities had noise levels above the 70 dBA limit in grade D
neighborhoods (Fig. 1C). Cities also more frequently had maximum noise levels in grade C and D
neighborhoods above the 90 dBA level (known to cause hearing loss, physical pain, and stress in humans
5758 relative to A and B neighborhoods (Fig. 1C). These trends are also represented in spatial maps of
noise distribution across cities, where C and D grade neighborhoods, relative to A and B grade
neighborhoods, have a larger area covered by noise emitted from transportation networks on average

over a 24-hr period, especially noise levels over 100 dBA (Fig. 2).

Impacts of noise to urban wildlife

We only included noise level data in the literature review when the original authors found significant
biological responses to urban noise (i.e., noise emitted in urban environments; Supplementary Fig. 1).
Therefore, for the remainder of this paper, we refer to any statistically significant response to urban
noise found within these original studies as “responses”. A bias exists in the distribution of urban noise
studies, with most research conducted in North America and Europe compared to the Global South
(Supplementary Fig. 2). Urban noise research also shows biases in responses to noise (biological
response), noise categories and sources, and studied taxa. Vocal behavior was the most commonly
studied biological response to noise, followed distantly by population-level and physiological responses
(Fig. 3A). Birds were most frequently studied (84% of papers in our review), but recent years have seen
an increase in studies on other taxa (Fig. 3B). Environmental and transportation noise (where the
acoustic energy is predominantly focused in frequencies < 2 kHz) were the most studied noise
categories, with most studies examining their effects on vocal behavior (Fig. 3C). Only four aquatic
studies were identified in our review, indicating a strong bias towards terrestrial research in urban

environments. Thus, we restricted our analysis to only terrestrial studies.

Across the studies reviewed, wildlife was affected by average maximum, mean, and minimum noise
levels ranging from 45-113 dB, 32-112 dB, and 23-86 dB, respectively (Fig. 4A). Only 15% of the studies
documented a biological response below a mean noise level of 50 dB, which is approximately the
average noise level found across all HOLC grades (Fig. 1B). However, the percentage of studies reporting
a response increased rapidly until noise levels exceeded 90 dB (Fig. 4A). Redlined communities
experience greater spatial coverage of noise levels at 90 dB and above (Fig. 1 and Fig. 2), at which 95%

of studies found a biological response. Thus, as noise increases to the maximum levels more commonly



found in redlined neighborhoods, the cumulative evidence of biological effects on wildlife is likely to

increase as well.

Urban noise exposure resulted in diverse biological responses across multiple taxa and trophic levels,
encompassing changes at the ecosystem, population, and species levels (Fig. 4B, 4C, and 4D). Noise
levels ranging from 23-113 dB were associated with various effects on animal physiology, fitness, and
behaviors such as vocalization, vigilance, movement, mating, and foraging (Fig. 4B). Even noise levels
below 50 dB, the EPA's recommended threshold for harm in humans #, still triggered changes in
vocalization, population metrics, physiology, fitness, and ecosystem metrics (Fig. 4B). Bird studies
showed that noise levels from 23 to 93 dB were associated with changes in abundance, species richness,
community composition, physiology, reproduction, mating behaviors, vocalization characteristics,
vigilance, and foraging behaviors (Fig. 4B and 4D). For terrestrial mammals, changes in abundance and
behaviors such as vocalization, vigilance, and foraging occurred at noise levels between 38 and 80 dB
(Fig. 4B and 4D). In herpetofauna, noise levels between 37 and 78 dB impacted abundance, vocalization,
movement, and mating behaviors, while noise levels from 68 to 116 dB influenced reproduction,

vocalization, and vigilance behaviors of terrestrial invertebrates (Fig. 4B and 4D).

Discussion
This study aimed to advance knowledge in urban ecology with a justice-centered approach, explicitly

considering how racially-targeted zoning practices, like redlining, shape noise distribution and potential
impacts on wildlife. We found 1) strong evidence that noise is inequitably distributed across HOLC
redlining grades in 83 U.S. cities; 2) that environmental, transportation, and industrial noise drive shifts
in diverse biological responses (including population- and ecosystem-level, physiological, fitness, and
behavioral responses) across a broad range of urban taxa; and 3) that the cumulative evidence of
biological effects on urban wildlife increases as noise exposure rises until reaching levels over 100 dBA.
Below, we discuss these findings and their importance to urban and acoustic ecology and highlight a list
of key future questions that integrate noise pollution, wildlife, and social inequity to advance knowledge

relevant to urban conservation practitioners and planners.

Noise distribution across HOLC redlining grades
Our analysis provides clear evidence that noise is not equitably distributed in U.S. cities with historical

redlined communities. Our model shows that redlining plays a stronger role in predicting noise pollution



than other factors like population size. Grade D neighborhoods experienced a greater spatial extent of
excess noise and more than a 10-fold increase in sound pressure level than grade A neighborhoods (Fig.
1A, 1B, and Fig. 2). While not explicitly focused on redlining, other research has similarly found that
noise exposure is greater in residentially segregated neighborhoods %6, and in neighborhoods that have
lower socio-economic status and/or higher percentages of racial and ethnic minority residents in the
United States #8980 South Africa ¢!, China 2, Canada %, the United Kingdom ®, and Germany . Our
study expands these findings by providing evidence explicitly linking noise exposure to the racially-

targeted urban practice of redlining.

These inequities have direct consequences for humans — on average an increase of 10 dB of noise
above background sound levels equates to elevated human health risks and a 90% decrease in listening
ability ®°. Moreover, grade A neighborhoods in our study experienced average maximum noise levels
closer to the U.S. Environmental Protection Agency’s recommended upper limit for annual average
noise exposure at 70 dB (Fig. 1B and 1C), the baseline level at which damaging health effects emerge .
In contrast, redlined neighborhoods more frequently experienced average maximum noise levels above
90 dB, with greater coverage of maximum values up to 120 dB (Fig. 1B, 1C, and Fig. 2) — equivalent to
the sound experienced when standing next to a chainsaw and above the human pain threshold . Noise
levels between 90 and 120 dB can cause damage to hearing, hearing loss, physical pain, and
psychophysiological stress in humans >°8, Notably, these maximum noise levels represent the highest
noise levels found in a HOLC grade averaged over a 24-hr period, indicating that some sections of grade
D neighborhoods are experiencing noise levels that are both severe (over 90 dB) and chronic (consistent
over a 24-hr period). Consequently, it is not surprising that mounting evidence is linking residential

segregation, noise pollution, and human health disparities *°.

Emerging research suggests that there is a strong correlation between urban systemic racism and
environmental health, and understanding these interconnected processes is an urgent priority for urban
conservation 7. However, existing studies addressing this issue have primarily focused on other types of
environmental injustice, such as inequitable air and water pollution and disparities in green space
coverage . Our finding that noise pollution is also related to systemic racism can inform urban planning.
If noise is an important unseen factor shaping urban environments, then urban planning projects failing
to take noise into account while addressing other environmental injustices in historically redlined

communities may fall short of realizing their full beneficial potential. Our findings establish new research



avenues to determine how inequitable noise pollution interacts with other forms of environmental
injustice to exacerbate their impacts on marginalized communities and their wildlife neighbors. For
example, noise, air, and light pollution often co-occur because they are all emitted from transportation
and industrial sources. Yet, these forms of pollution are often only moderately correlated %%,
suggesting that noise impacts may extend beyond the footprint of other forms of environmental

injustice.

Impacts of noise to urban wildlife

Our literature review reveals the extensive impact of urban noise exposure across various species,
behaviors, demography, and environments. Urban transportation, environmental, and industrial noise
affect animal physiology, fitness, and behaviors across trophic levels and taxonomic groups (Fig. 4B, 4C,
and 4D). Noise levels as low as 23 dB have been shown to affect wildlife, and the cumulative effects of
noise intensify with higher noise levels (Fig. 4A). More than 95% of studies (encompassing multiple
taxonomic groups; Fig. 4D) observed a biological response at 90 dB, a noise level commonly observed in
redlined communities. These findings support previous research by Shannon et al. (2016)*, who found
that the cumulative effects of noise increased with noise level, with over 95% of terrestrial studies
documenting a biological response at 90 dB as well (although not exclusively focused on urban noise).
The consistent evidence suggests that as noise levels rise, the biological impacts on wildlife become
more widespread. Consequently, higher noise levels in redlined neighborhoods may lead to substantially

greater biological effects as more species respond with a broader range of shifts at such levels.

Our literature review revealed a bias in noise impact studies on urban wildlife, with a focus on birds due
to their ease of observation. Invertebrates were the least studied taxa. This bias towards birds may be
beneficial since bird diversity sometimes reflects overall biodiversity in ecosystems 7°, serving as an
index of urban biodiversity at the community (abundance, richness, composition) and individual levels
(behavior, physiology, reproduction) 7*. Furthermore, birdwatching in urban settings is associated with
increased human wellbeing and a stronger connection to nature 72. Thus, bird diversity can also indicate

human engagement with the natural world.

Vocal behavior and population-level effects received most attention (Fig. 3A and 3C), which is consistent
with other reviews 37374, A strong geographic bias was also evident, with 74% of studies in North

America and Europe alone (Supplementary Fig. 2). Other reviews have similarly found that the Global



South is underrepresented in research on noise impacts to wildlife 7%, partially due to disparities in
research and funding 7. Scientists from wealthy countries in the Global North commonly conduct
research in the Global South without effectively engaging local communities, disconnecting local peoples
from leading environmental initiatives and granting authority over conservation outcomes to Global
North institutions 7. Increasing locally led research in the Global South is crucial as it supports greater
species richness and diversity 7’7 and is undergoing rapid urbanization 8. With more of the global
population living in urban areas 7%, planning for sustainable and healthy cities becomes imperative. To
understand the impact of inequitable noise on unique species, research must broaden to encompass
various biological responses, geographic locations, and taxa *3, especially understudied aquatic urban

species.

The majority of responses to elevated noise exposure involved reduced biodiversity and altered acoustic
diversity. Seventy-two percent of population-level studies reported a decrease in wildlife abundance or
occurrence, while 93% of vocalization studies noted changes in vocal behavior. Urban species, especially
birds, heavily rely on acoustic communication for mate attraction, territory defense, and signaling
dangers 7°. However, urban noise often masks these vital signals, particularly at lower frequencies 2%,
leading to various adjustments in vocal behavior, such as shifting song frequencies, increasing vocal
amplitudes 828 or altering timing or complexity of vocalizations %, Noise exposure can also be
perceived as a direct threat, which along with acoustical masking and distraction from other
environmental stimuli, has been shown to increase physiological stress and alter foraging, vigilance, and
reproductive behavior across all ontological stages **7*. These adjustments in behavior and physiology
are likely to have considerable long-term fitness consequences that can scale up to the population-level
8788 |n cases where species cannot adapt their acoustic signals or behavior to cope with chronic noise
exposure, they may alter their movement or habitat use to avoid noisy areas 8%, potentially leading to
profound changes in species composition and interactions at the community level °%, and affecting

ecological processes like predation %, pollination %3, and seed dispersal %.

Synthesizing socio-ecological Impacts

The finding that higher noise is linked to reduced biodiversity and altered acoustic diversity has
significant implications for urban wildlife, humans, and equitable urban planning. In redlined
neighborhoods, human residents face disproportionate challenges in accessing parks and green spaces

620 Even when green spaces are present, these neighborhoods may still experience lower animal



biodiversity and degraded natural soundscapes. Thus, residents of redlined neighborhoods likely suffer
both direct health impacts from inequitable noise *? and indirect impacts from reduced access to nature.
This decreased access to nature and natural sounds is of concern because direct or perceived exposure
to natural sounds and biodiverse greenspaces has been shown to improve human health by reducing
stress, anxiety, and depression, by enhancing mood, cognitive performance, psychological well-being,
and improving immune system response to transmissible diseases %71, The combination of increased
exposure to diverse natural sounds and reduced anthropogenic noise can amplify these restorative
impacts %2, potentially leading to increased biodiversity in urban greenspaces and improved physical
and psychological benefits for both wildlife and humans, creating positive feedbacks between humans
and biodiversity 1. Moreover, reduced biodiversity often correlates with diminished ecosystem
function, resilience, and services for humans 1°41%, The unequal distribution of noise in urban
landscapes might also hinder conservation funding and opportunities for people in redlined
communities, as conservation efforts often focus on areas with high biodiversity 1. These
interconnected issues emphasize the crucial need to address urban inequities for the well-being of both
people and wildlife. Research is particularly needed to uncover mechanisms underlying the reciprocal
relationship between enhanced soundscape quality, increased biodiversity, and the multifaceted well-
being benefits for both urban residents and local wildlife populations 1°. Such work should also aim to
evaluate the social equity aspects of these interactions and how they impact different demographic

groups.

Numerous cities in the United States are currently addressing environmental justice issues by increasing

107 ‘many of which are within historical

access to parks and green spaces for underserved populations
redlining boundaries °. For instance, Denver voters approved a 0.25% sales tax increase to advance
Denver's Game Plan for a Healthy City %, aiming to provide equitable park access by identifying
neighborhoods in greatest need of new or improved parks and green infrastructure. Similarly, cities like
Pittsburgh, New York, San Francisco, Philadelphia, Detroit, and Minneapolis are using sociodemographic
data to develop plans for increasing equitable park access **’. Importantly, many of these initiatives are
being developed with direct input from local residents and neighborhood organizations, with a goal of

using affordable housing agreements or other tools to avoid green gentrification (i.e., the process in

which improving green infrastructure increases local property values, displacing lower-income residents

109)'



However, it is crucial to recognize that merely adding or improving green infrastructure without
addressing noise may still result in limited biodiversity and fewer opportunities for residents to
experience the benefits of natural soundscapes. Therefore, equitable urban planning projects should
include noise mitigation to ensure that both wildlife and people can enjoy the benefits of additional
green infrastructure without the negative impacts of noise. Mitigation measures may involve adding
physical barriers to limit noise from industrial and construction zones, establishing specific tree lines and
border vegetation to reduce noise transmission, implementing traffic speed reductions near green
spaces, and employing technological improvements to reduce noise emitted from tires and road
surfaces (see Table 4 from Shannon et al. 2016 *). By incorporating noise mitigation strategies, cities can

create more inclusive and beneficial green spaces that support diverse human and animal communities.

Our review focuses on noise impacts in the urban environment, reinforcing connections between social
inequities and wildlife outcomes. While the effects of urban noise on people are somewhat understood,
our review highlights significant gaps in understanding how noise influences urban wildlife. Addressing
these gaps will enhance our understanding of complex urban socio-ecological systems. Here, we use our
findings to outline outstanding questions that can address some key knowledge gaps on the impacts of

inequitable noise for urban wildlife, people, and human-wildlife interactions (Box 1).

Conclusion
Our study combined a comprehensive synthesis of the impacts of socially driven inequitable noise

pollution with data on the effects of urban noise on wildlife. We found evidence that noise is inequitably
distributed in U.S. cities, and that inequitable noise may drive complex biological responses across a
diversity of urban wildlife. This knowledge draws attention to the often-overlooked role of inequitable
noise pollution in shaping patterns of urban biodiversity, underscoring the need for further research at
the intersection of noise, environmental justice, and ecology. Urban ecologists, acoustic ecologists,
social scientists, and urban planners can leverage this knowledge to better understand how social
processes, like redlining, can influence ecological properties, leading to implications for human-wildlife
interactions. Urban ecologists are being called to reimagine a more socially just vision of conservation
science and practice that centers racial and environmental justice to drive holistic and equitable policy
changes in cities 7. Here, we lay the groundwork for future research that advances acoustic and urban
ecology by centering equity and challenging systems of oppression that remain embedded in our city

infrastructure.



Methods

Spatial Analysis of Urban Noise Pollution

We conducted a spatial analysis of the distribution of noise pollution across HOLC grades for 83 U.S
cities (Supplementary Table 2). To be included in the study, the city needed to feature in both datasets
used in the analysis: 1) the Mapping Inequality Project dataset on the distribution of HOLC grades across
cities 1%, and 2) the National Transportation Noise Map 2018 ®¢. Any cities in which the distribution of
HOLC grades did not include all four grades (A- D) were excluded from the analysis, which largely

excluded cities with population sizes below 100,000 people.

To evaluate noise exposure across HOLC grades for each city, we acquired spatial data on the
distribution of HOLC grades across U.S. cities from the Mapping Inequality Project 1*°, We also acquired
data on road, rail, and aircraft noise (hereafter transportation noise models), from the National
Transportation Noise Map ¢ which has been used by other investigators to assess noise exposure in the
United States *”*1, The transportation noise models represent potential exposure to transportation
noise reported on a decibel scale in a 30m x 30m pixel resolution. Here noise represents the average
noise energy produced by road, rail, and aviation networks over a 24-hour period, measured in A-
weighted decibels (dBA) (LAeq, 24h) at sampling locations deployed across a uniform grid in each city at
an elevation of 1.5 m above ground level. Noise levels below 35 dBA are assumed to have minimal
negative impacts to humans and the environment and thus are represented with null values in the

transportation noise models.

For each HOLC grade and each city, we used zonal statistics in ArcGIS Desktop v. 10.7 to summarize the
median noise levels and area covered by excess noise (i.e., values > 35 dBA). We used the resulting zonal
statistics estimates and the formula from Collins et al. (2019)* to calculate an area-corrected measure

of excess noise:

N =(r* Md)/a

where N is excess noise in each HOLC grade (with units of dBA/30m x 30m pixel); r is the area covered
by the 30m x 30m pixels with noise values >35 dBA across all polygons of the same HOLC grade in each
city; Md is the median transportation noise value (in dBA) for those same pixels; and a is the total area

of all polygons of the same HOLC grade in each city. Thus, N represents a measure of both the level of



noise and the area covered by excess noise in a given HOLC grade for each city. We used the N measure
of excess noise as the dependent variable in the regression model of excess noise across cities described
in the Statistical Analysis section. We also produced maps of excess noise and the distribution of HOLC

grades for all cities included in our study.

Statistical Analysis

We built linear regression models using standard least squares to examine the relationship between
noise exceedance (N), HOLC grade, and city population size. Prior to analyses, we explored our data to
assure that the assumptions of this test were met. We constructed four separate models, each with
noise exceedance as the response variable and one of the following as predictive variables: HOLC grade
only, city population size only, HOLC grade + city population size, and the interaction of HOLC grade and
city population size. We did not incorporate city area because the exceedance value N is an area-
corrected metric. Following each model, we plotted residuals against the fitted values to determine if
there was non-constant error variance. As our N-mean variable displayed non-normality, we performed
a log transformation on the variable and reanalyzed models using the log-transformed data. Statistical
analyses were done in R version 4.2.1103 **2, We considered models with the highest R? and the lowest

AlCc as the best predictors of noise.

Literature Review on the Impacts of Noise to Urban Wildlife

To assess the effects of noise on urban wildlife we conducted a literature review (Supplementary Fig. 1)
using Thompson’s IS Web of Science and adapting the methods of Shannon et al. (2016)*. We adjusted
of Shannon et al.’s search criteria to include urban phrases, resulting in the following search terms
(TS=(WILDLIFE OR ANIMAL OR MAMMAL OR REPTILE OR AMPHIBIAN OR BIRD OR FISH OR
INVERTEBRATE) AND TS=(NOISE OR SONAR) AND TS=(CITY OR *URBAN OR METROPOLITAN)). We
selected papers published between 1990 and 23 June 2021 (i.e., the date we conducted our search)
within the ISI Web of Science categories of ‘Acoustics’, ‘Zoology’, ‘Ecology’, ‘Environmental Sciences’,
‘Ornithology’, ‘Biodiversity Conservation’, ‘Evolutionary Biology’, and ‘Marine Freshwater Biology’. This
returned 691 peer-reviewed papers, which we filtered so only empirical studies focused on
documenting the effects of anthropogenic noise on wildlife in urban or suburban ecosystems or the
effects of urban noise on wildlife in rural environments were included in the final data set (n = 207). We

excluded reviews, meta-analyses, methods papers, and research that took place outside of urban or



suburban areas where the noise was not explicitly denoted as urban (e.g., omitted studies that

measured traffic noise by parks and reserves in rural areas).

For the 241 articles previously analyzed in Shannon et al. (2016)*, one of our authors reviewed each
paper to determine which studies were focused on urban noise (n = 46). We then verified whether there
were significant biological responses to a particular noise level threshold, noting each noise level if
multiple biological responses were recorded. We recorded responses to noise into one of eight possible
biological response categories, many of which were taken or modified from the biological response
categories utilized in Shannon et al. (2016)*. The following were the biological response categorical
values: movement behavior, vocal behavior, physiological, population, mating behavior, foraging
behavior, vigilance behavior, life history / reproduction, and ecosystem. Further definitions and
descriptions for each biological response category may be found in the supplemental information
(Supplementary Table 3). For any new articles published since the Shannon et al. (2016)* dataset (n =
354) or those published between 1990 and 2013 but not reviewed by Shannon et al. (n = 96), two of our
authors reviewed each paper to first determine which studies met our criteria (n = 161) and then
compiled data on a number of variables of interest, including the noise levels and their resulting
biological responses that were statistically significant (Supplementary Table 3). For this subset of papers,
one author was randomly assigned a list of papers and then a second author was randomly assigned to
assess the accuracy of the data collected by the first author. Any discrepancies were discussed as a

group until an agreement was reached.

Noise categories (environmental, transportation, industrial, multiple, other) were chosen for each paper
by noting the explicitly stated source or description of urban noise in the methodology. Noise levels and
their units were reported for each paper, with only noise levels reported in decibels (dB) being used in
data analysis. All terrestrial papers used a reference pressure of 20 microPascals (1Pa). Due to the low
sample size of aquatic studies (n = 4), differences in reference pressures, and varying sound intensities
amongst aquatic studies, we only included terrestrial studies in statistical analyses and figures. We
recorded the sound metric used (i.e., SPL, SPL Max, Leq) for each paper, but were unable to convert the
various sound metrics given to a single sound metric for standardization during analysis. Thus, there
were various sound metrics used in the analysis of the data extracted from the literature search, in
particular for the cumulative weight-of-evidence curve, which poses a limitation in the comparison of

noise levels amongst papers. Additionally, we recorded the weightings for each noise level, with many of



the papers being A-weighted (dBA; n = 100) and Z-weighted (dBZ; n = 4). These weightings relate to
typical characteristics of sounds as observed by humans. Many papers, however, did not record the
weighting and/or the exact sound metric used, leading to some unavoidable uncertainty in the
comparison of noise measurements. We used the extracted noise levels to develop a cumulative weight-
of-evidence curve as a function of the noise level at which a biological response was documented. This
curve summarizes the cumulative percent of studies that reported a biological response at or below a
given noise level across a wide range of taxa, biological responses, and acoustic metrics, with some taxa,

responses, and metrics being more represented than others.

Study Scope

While our results highlight important consequences of inequitable noise for wildlife and humans, there
are certain limitations to the noise analysis and the scope of our literature review that should be
considered when interpreting our results. Our noise analysis used a model of transportation noise that
did not include other major noise sources in cities (e.g., construction noise, generators, humans) and
thus our analysis does not fully capture the diversity of noise in urban soundscapes. Moreover, the noise
model represented the average noise energy produced over a 24-hour period, and likely underestimated
extreme values associated with diurnal patterns of noise in cities (e.g., more frequent road and aircraft

noise in the day).

Further limitations that warrant consideration include the variation in noise metrics, study designs, and
geographic and sampling biases represented across the studies included in our review. First, a variety of
acoustic metrics with different frequency weighting and bandwidths were synthesized together in our
review and analysis (Fig. 4), as we were unable to adjust all values to a common acoustic metric that
could be compared across studies (a lack of accurate reporting of acoustic metrics is a key concern
noted by McKenna et al. 2016'3). As a result, we have avoided making comparisons of how noise levels
differentially affected taxonomic groups, trophic levels, or biological responses because researchers may
have explored different noise levels for different groups, and thus any inter-group differences may be
related to study design rather than noise levels. Given our urban focus, people and animals likely are

exposed to chronic low frequency noise 1*#

, suggesting that our findings can be more directly compared.
However, the variation in metrics used across studies warrants caution in making such direct
comparisons. We also caution against using our findings to conclude that low-decibel urban noise has no

effect on wildlife. Although the cumulative effects on wildlife increase with noise, animals may still



respond to very low noise levels %3, and the lack of evidence of effects at lower noise levels may be
partially driven by biases in study design, with fewer researchers choosing to study low noise exposure
levels. Similarly, redlined neighborhoods are underrepresented in citizen science projects that are used

to study urban ecology ***

, which likely explains why noise levels above 100 dB - more common to
redlined neighborhoods - are not well represented in the urban acoustic ecology literature that we
reviewed (Fig. 4A). Thus, our findings likely underestimate the full impact of inequitable noise on urban
wildlife and future research should prioritize evaluating noise impacts to wildlife at levels of 100 dB and
above. Our use of Web of Science for the literature review also likely missed relevant publications in the

116

non-peer-reviewed gray literature and government reports **°, which likely contributed to the lack of

publications in our review from the Global South.
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Fig. 1: Noise pollution levels across the four Home Owners' Loan Corporation (HOLC)

redlining grades for 83 U.S. cities. Panel A) depicts mean noise exceedance levels (N mean; an area-
weighted measure of noise > 35 dBA) for each HOLC grade. Significant differences among group means
at the alpha level = 0.01 are illustrated using a *. Panel B) depicts the distribution of mean and maximum
noise levels (dBA) for each HOLC grade, across 83 cities (not corrected for the area coverage of excess
noise). Minimum noise levels, not shown, were similar for all HOLC grades due to the 35 dBA lower limit
in the dataset. Panel C) depicts the frequency distribution of different noise levels across the four HOLC

grades and 83 U.S. cities.
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Fig. 2: Home Owners' Loan Corporation (HOLC) redlining grades (A-D) and noise pollution levels (dBA)
across four major U.S. urban areas, including A) Bay Area, CA (San Francisco and Oakland), B) Dallas, TX,
C) Louisville, KY, and D) Philadelphia, PA. Noise pollution data was derived from the U.S. Department of
Transportation Rail, Road, and Aviation Noise 2018 dataset (USDOT 2020). Here noise represents the
average noise energy produced by road, rail, and aviation networks over a 24-hour period, measured in
A-weighted decibels (dBA) (LAeq, 24h). HOLC redlining data derived from the Mapping Inequality Project

dataset (Nelson et al. 2021).
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Box 1. Knowledge gaps on the impacts of inequitable noise on urban wildlife and people.

1) How does noise pollution or the presence of natural sounds interact with tree cover, building
density, and other environmental gradients that are inequitably distributed across cities to alter
wildlife distributions and population connectivity?

2) How does inequitable noise and inequitable natural soundscape exposure affect human health and
well-being? Is legislation effectively tackling the health impacts of noise in urban environments?

3) How does exposure to inequitable noise pollution affect community perceptions of wildlife and
human-wildlife relationships? How might these perceptions affect urban wildlife management and
conservation priorities?

4) What mitigation techniques, such as noise barriers or green walls, and infrastructure
improvements (e.g., building spatial orientation and green space) yield the most benefits for urban
wildlife and people in areas of higher noise pollution?

5) Do elevated noise levels drive shifts in acoustic traits of urban animal populations? How might
these shifts in traits vary spatially and temporally (rate of change), and how might these drive
evolutionary outcomes and fitness consequences?

6) Do established hypotheses (e.g., acoustic adaptation hypothesis, Lombard effect, luxury effect
hypothesis) accurately predict the sensitivity or tolerance potential of urban species in light of
inequitable noise? Does inequitable noise contribute to or exacerbate these hypotheses?

7) Does inequitable noise have cascading consequences for ecosystem function, ecosystem

resilience, and the ecological services provided to humans in urban environments?

References

1. Parker, K. et al. Demographic and economic trends in urban, suburban and rural communities.
https://lwww.pewresearch.org/social-trends/2018/05/22/demographic-and-economic-trends-in-urban-
suburban-and-rural-
communities/#:~:text=About%2046%20million%20Americans%20live,in%20its%20urban%20core%
20counties. (2018).

2. Liu, J. et al. Complexity of Coupled Human and Natural Systems. Science 317, 1513-1516 (2007).

3. Pickett, S. T. A. et al. A conceptual framework for the study of human ecosystems in urban areas.

Urban Ecosyst. 1, 185-199 (1997).

Commented [SB1]: References should be numbered
sequentially in the following order:

Main Text

Methods

Data Availability Section

Tables

Figure Legends

Box

Extended Data Figures

For long-form manuscripts such as Articles, Letters, Review
Articles, Perspectives and Progress Articles, titles of cited
articles are required.

Example:

Eigler, D. M. & Schweizer, E. K. Positioning single atoms with
a scanning tunnelling microscope. Nature 344, 524-526
(1990).

For shorter article types such as Commentaries or News &
Views, titles of cited articles are not included.

Example:

lijima, S. Nature 354, 56-58 (1991).

For book citations, the publisher is required.

Example:

Jones, R. A. L. Soft Machines: Nanotechnology and Life Ch. 3
(Oxford Univ. Press, 2004).

Data and code may be cited in the reference list if they have
been assigned DOIs and should include authors, title,
publisher (repository name) and DOI expressed as a URL.
Example:

Hao, Z., AghaKouchak, A., Nakhjiri, N. & Farahmand, A.
Global Integrated Drought Monitoring and Prediction
System (GIDMaPS) data sets. figshare
http://dx.doi.org/10.6084/m9.figshare.853801 (2014).

To cite a preprint

Example:

Babichey, S. A., Ries, J. & Lvovsky, A. |. Quantum scissors:
teleportation of single-mode optical states by means of a
nonlocal single photon. Preprint at https://arXiv.org/quant-
ph/0208066 (2002).




10.

11.

12.

13.

14.

15.

16.

17.

18.

Grimm, N. B. et al. Global Change and the Ecology of Cities. Science 319, 756—760 (2008).
Locke, D. H. & Baine, G. The good, the bad, and the interested: how historical demographics
explain present-day tree canopy, vacant lot and tree request spatial variability in New Haven, CT.
Urban Ecosyst. 18, 391-409 (2015).

Locke, D. et al. Residential housing segregation and urban tree canopy in 37 US Cities.
https://osf.io/97zcs (2020) doi:10.31235/0sf.i0/97zcs.

Schell, C. J. et al. The ecological and evolutionary consequences of systemic racism in urban
environments. Science 369, eaay4497 (2020).

Massey, D. S. & Denton, N. A. The Dimensions of Residential Segregation. Soc. Forces 67, 281
(1988).

Logan, J. R. Growth, Politics, and the Stratification of Places. Am. J. Sociol. 84, 404-416 (1978).
Logan, J. R. & Molotch, H. L. Urban Fortunes: The Political Economy of Place. (University of
California Press, 1987).

Morello-Frosch, R. A. Discrimination and the Political Economy of Environmental Inequality.
Environ. Plan. C Gov. Policy 20, 477-496 (2002).

Woods, L. L. The Federal Home Loan Bank Board, Redlining, and the National Proliferation of
Racial Lending Discrimination, 1921-1950. J. Urban Hist. 38, 1036—-1059 (2012).

Rothstein, R. The color of law: a forgotten history of how our government segregated America.
(Liveright Publishing Corporation, a division of W. W. Norton & Company, 2017).

Peet, R. Class Struggle, the Relocation of Employment, and Economic Crisis. Sci. Soc. 48, 38-51
(1984).

Walker, R. Class, division of labour and employment in space. in Social Relations and Spatial
Structures (eds. Gregory, D. & Urry, J.) 164-189 (Macmillan Publishing, 1985).

United Church of Christ Commission for Racial Justice. Toxic wastes and race in the United States:
A national report on the racial and socio-economic characteristics of communities with hazardous
waste sites. (1987).

Bullard, R. D. Dumping in Dixie: Race, class, and environmental quality. (Westview, 1990).

National Community Reinvestment Coalition. HOLC maps. http://maps.ncrc.org/holc (2017).



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Hendricks, M. D. & Van Zandt, S. Unequal Protection Revisited: Planning for Environmental Justice,
Hazard Vulnerability, and Critical Infrastructure in Communities of Color. Environ. Justice 14, 87-97
(2021).

Grove, M. et al. The Legacy Effect: Understanding How Segregation and Environmental Injustice
Unfold over Time in Baltimore. Ann. Am. Assoc. Geogr. 108, 524-537 (2018).

Nardone, A., Rudolph, K. E., Morello-Frosch, R. & Casey, J. A. Redlines and Greenspace: The
Relationship between Historical Redlining and 2010 Greenspace across the United States. Environ.
Health Perspect. 129, 017006 (2021).

Nowak, D. J., Greenfield, E. J., Hoehn, R. E. & Lapoint, E. Carbon storage and sequestration by
trees in urban and community areas of the United States. Environ. Pollut. 178, 229-236 (2013).
Nowak, D. J., Hirabayashi, S., Bodine, A. & Greenfield, E. Tree and forest effects on air quality and
human health in the United States. Environ. Pollut. 193, 119-129 (2014).

Sun, R. & Chen, L. Effects of green space dynamics on urban heat islands: Mitigation and
diversification. Ecosyst. Serv. 23, 38-46 (2017).

Pulido, L. Rethinking Environmental Racism: White Privilege and Urban Development in Southern
California. Ann. Assoc. Am. Geogr. 90, 12—40 (2000).

Pastor, M., Sadd, J. & Hipp, J. Which Came First? Toxic Facilities, Minority Move-In, and
Environmental Justice. J. Urban Aff. 23, 1-21 (2001).

Morello-Frosch, R., Pastor, M. & Sadd, J. Environmental Justice and Southern California’s
“Riskscape”: The Distribution of Air Toxics Exposures and Health Risks among Diverse
Communities. Urban Aff. Rev. 36, 551-578 (2001).

Williams, D. R. & Collins, C. Racial residential segregation: A fundamental cause of racial disparities
in health. Public Health Rep. 116, 404—-416 (2001).

Subramanian, S. V., Acevedo-Garcia, D. & Osypuk, T. L. Racial residential segregation and
geographic heterogeneity in black/white disparity in poor self-rated health in the US: a multilevel
statistical analysis. Soc. Sci. Med. 60, 1667-1679 (2005).

Hayanga, A. J., Zeliadt, S. B. & Backhus, L. M. Residential Segregation and Lung Cancer Mortality

in the United States. JAMA Surg. 148, 37 (2013).



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kershaw, K. N. & Albrecht, S. S. Racial/ethnic residential segregation and cardiovascular disease
risk. Curr. Cardiovasc. Risk Rep. 9, 10 (2015).

Nardone, A., Chiang, J. & Corburn, J. Historic redlining and urban health today in US cities. Environ.
Justice 13, 109-119 (2020).

Nardone, A. et al. Associations between historical residential redlining and current age-adjusted
rates of emergency department visits due to asthma across eight cities in California: an ecological
study. Lancet Planet. Health 4, e24—e31 (2020).

Hope, D. et al. Socioeconomics drive urban plant diversity. Proc. Natl. Acad. Sci. 100, 8788-8792
(2003).

Schwarz, K. et al. Trees Grow on Money: Urban Tree Canopy Cover and Environmental Justice.
PLOS ONE 10, e0122051 (2015).

Rigolon, A. A complex landscape of inequity in access to urban parks: A literature review. Landsc.
Urban Plan. 153, 160-169 (2016).

Leong, M., Dunn, R. R. & Trautwein, M. D. Biodiversity and socioeconomics in the city: a review of
the luxury effect. Biol. Lett. 14, 20180082 (2018).

Rigolon, A., Browning, M. & Jennings, V. Inequities in the quality of urban park systems: An
environmental justice investigation of cities in the United States. Landsc. Urban Plan. 178, 156-169
(2018).

Kuras, E. R. et al. Urban socioeconomic inequality and biodiversity often converge, but not always:
A global meta-analysis. Landsc. Urban Plan. 198, 103799 (2020).

Kinzig, A. P., Warren, P., Martin, C., Hope, D. & Katti, M. The Effects of Human Socioeconomic
Status and Cultural Characteristics on Urban Patterns of Biodiversity. Ecol. Soc. 10, art23 (2005).
Lerman, S. B. & Warren, P. S. The conservation value of residential yards: linking birds and people.
Ecol. Appl. 21, 1327-1339 (2011).

Hammer, M. S., Swinburn, T. K. & Neitzel, R. L. Environmental Noise Pollution in the United States:
Developing an Effective Public Health Response. Environ. Health Perspect. 122, 115-119 (2014).
Shannon, G. et al. A synthesis of two decades of research documenting the effects of noise on

wildlife: Effects of anthropogenic noise on wildlife. Biol. Rev. 91, 982—1005 (2016).



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Barber, J. R., Crooks, K. R. & Fristrup, K. M. The costs of chronic noise exposure for terrestrial
organisms. Trends Ecol. Evol. 25, 180-189 (2010).

U.S. EPA. The Urban Noise Survey. (1977).

Casey, J. A. et al. Race/Ethnicity, Socioeconomic Status, Residential Segregation, and Spatial
Variation in Noise Exposure in the Contiguous United States. Environ. Health Perspect. 125,
077017 (2017).

Collins, T. W., Grineski, S. E. & Nadybal, S. Social disparities in exposure to noise at public schools
in the contiguous United States. Environ. Res. 175, 257-265 (2019).

Collins, T. W., Nadybal, S. & Grineski, S. E. Sonic injustice: Disparate residential exposures to
transport noise from road and aviation sources in the continental United States. J. Transp. Geogr.
82, 102604 (2020).

Ray, M. Environmental Justice: Segregation, Noise Pollution and Health Disparities near the
Hartsfield-Jackson Airport Area in Atlanta. Rev. Black Polit. Econ. 003464462110651 (2021)
d0i:10.1177/00346446211065176.

Kight, C. R. & Swaddle, J. P. How and why environmental noise impacts animals: an integrative,
mechanistic review: Environmental noise and animals. Ecol. Lett. 14, 1052-1061 (2011).
Senzaki, M. et al. Sensory pollutants alter bird phenology and fitness across a continent. Nature
587, 605-609 (2020).

Read, J., Jones, G. & Radford, A. N. Fitness costs as well as benefits are important when
considering responses to anthropogenic noise. Behav. Ecol. 25, 4-7 (2014).

Simpson, S. D. et al. Anthropogenic noise increases fish mortality by predation. Nat. Commun. 7,
10544 (2016).

Kunc, H. P. & Schmidt, R. The effects of anthropogenic noise on animals: a meta-analysis. Biol.
Lett. 15, 20190649 (2019).

Mitchell, B. & Franco, J. HOLC and “Redlining” Maps: The Persistent Structure of Segregation and
Economic Inequality. https://ncrc.org/wp-content/uploads/dim_uploads/2018/02/NCRC-Research-
HOLC-10.pdf (2018).

USDOT. 2018 National Transportation Noise Map dataset. (2020).



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Ising, H. & Braun, C. Acute and chronic endocrine effects of noise: Review of the research
conducted at the Institute for Water, Soil and Air Hygiene. Noise Health 2, 7 (2000).

CDC. What Noises Cause Hearing Loss?
https://lwww.cdc.gov/nceh/hearing_loss/what_noises_cause_hearing_loss.html (2022).

Nega, T. H., Chihara, L., Smith, K. & Jayaraman, M. Traffic Noise and Inequality in the Twin Cities,
Minnesota. Hum. Ecol. Risk Assess. Int. J. 19, 601-619 (2013).

Huang, Y.-K., Mitchell, U. A., Conroy, L. M. & Jones, R. M. Community daytime noise pollution and
socioeconomic differences in Chicago, IL. PLOS ONE 16, e0254762 (2021).

White, K. & Borrell, L. N. Racial/ethnic residential segregation: Framing the context of health risk
and health disparities. Health Place 17, 438-448 (2011).

Lam, K. & Chan, P.-K. Socio-Economic Status and Inequalities in Exposure to Transportation Noise
in Hong Kong. Open Environ. Sci. 2, 107-113 (2008).

Dale, L. M. et al. Socioeconomic status and environmental noise exposure in Montreal, Canada.
BMC Public Health 15, 205 (2015).

Brainard, J. S., Jones, A. P., Bateman, |. J. & Lovett, A. A. Exposure to Environmental Urban Noise
Pollution in Birmingham, UK. Urban Stud. 41, 2581-2600 (2004).

Lakes, T., Briickner, M. & Kramer, A. Development of an environmental justice index to determine
socio-economic disparities of noise pollution and green space in residential areas in Berlin. J.
Environ. Plan. Manag. 57, 538-556 (2014).

Buxton, R. T. et al. Noise pollution is pervasive in U.S. protected areas. Science 356, 531-533
(2017).

Federal Interagency Committee on Noise. Federal Agency Review of Selected Airport Noise
Analysis Issues. (1992).

Davies, H. W., Vlaanderen, J. J., Henderson, S. B. & Brauer, M. Correlation between co-exposures
to noise and air pollution from traffic sources. Occup. Environ. Med. 66, 347—-350 (2009).

Ross, Z. et al. Noise, air pollutants and traffic: Continuous measurement and correlation at a high-

traffic location in New York City. Environ. Res. 111, 1054-1063 (2011).



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Eglington, S. M., Noble, D. G. & Fuller, R. J. A meta-analysis of spatial relationships in species
richness across taxa: Birds as indicators of wider biodiversity in temperate regions. J. Nat. Conserv.
20, 301-309 (2012).

Gasc, A., Francomano, D., Dunning, J. B. & Pijanowski, B. C. Future directions for soundscape
ecology: The importance of ornithological contributions. The Auk 134, 215-228 (2017).

White, M. E., Hamlin, 1., Butler, C. W. & Richardson, M. The Joy of birds: the effect of rating for joy
or counting garden bird species on wellbeing, anxiety, and nature connection. Urban Ecosyst. 26,
755-765 (2023).

Morley, E. L., Jones, G. & Radford, A. N. The importance of invertebrates when considering the
impacts of anthropogenic noise. Proc. R. Soc. B Biol. Sci. 281, 20132683 (2014).

Jerem, P. & Mathews, F. Trends and knowledge gaps in field research investigating effects of
anthropogenic noise. Conserv. Biol. 35, 115-129 (2021).

Baker, K., Eichhorn, M. P. & Griffiths, M. Decolonizing field ecology. Biotropica 51, 288—292 (2019).
Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B. & Kent, J. Biodiversity
hotspots for conservation priorities. Nature 403, 853—858 (2000).

Pollock, L. J., Thuiller, W. & Jetz, W. Large conservation gains possible for global biodiversity
facets. Nature 546, 141-144 (2017).

Seto, K. C., Fragkias, M., Glneralp, B. & Reilly, M. K. A Meta-Analysis of Global Urban Land
Expansion. PLoS ONE 6, e23777 (2011).

Hu, Y. & Cardoso, G. C. Are bird species that vocalize at higher frequencies preadapted to inhabit
noisy urban areas? Behav. Ecol. 20, 1268-1273 (2009).

Rheindt, F. E. The impact of roads on birds: Does song frequency play a role in determining
susceptibility to noise pollution? J. Ornithol. 144, 295-306 (2003).

Francis, C. D., Paritsis, J., Ortega, C. P. & Cruz, A. Landscape patterns of avian habitat use and
nest success are affected by chronic gas well compressor noise. Landsc. Ecol. 26, 1269-1280
(2011).

Slabbekoorn, H. & Ripmeester, E. A. P. Birdsong and anthropogenic noise: implications and

applications for conservation. Mol. Ecol. 17, 72—83 (2008).



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

Lowry, H., Lill, A. & Wong, B. B. M. How Noisy Does a Noisy Miner Have to Be? Amplitude
Adjustments of Alarm Calls in an Avian Urban ‘Adapter’. PLoS ONE 7, €29960 (2012).

Hage, S. R., Jiang, T., Berquist, S. W., Feng, J. & Metzner, W. Ambient noise induces independent
shifts in call frequency and amplitude within the Lombard effect in echolocating bats. Proc. Natl.
Acad. Sci. 110, 4063—-4068 (2013).

Fuller, R. A., Warren, P. H. & Gaston, K. J. Daytime noise predicts nocturnal singing in urban
robins. Biol. Lett. 3, 368-370 (2007).

Song, S. et al. Bats adjust temporal parameters of echolocation pulses but not those of
communication calls in response to traffic noise. Integr. Zool. 14, 576-588 (2019).

Francis, C. D. & Barber, J. R. A framework for understanding noise impacts on wildlife: an urgent
conservation priority. Front. Ecol. Environ. 11, 305-313 (2013).

Dominoni, D. M. et al. Why conservation biology can benefit from sensory ecology. Nat. Ecol. Evol.
4,502-511 (2020).

Duarte, M. H. L., Vecci, M. A,, Hirsch, A. & Young, R. J. Noisy human neighbours affect where
urban monkeys live. Biol. Lett. 7, 840-842 (2011).

Lehrer, E. W. et al. Urban bat occupancy is highly influenced by noise and the location of water:
Considerations for nature-based urban planning. Landsc. Urban Plan. 210, 104063 (2021).

Kok, A. C. M. et al. How chronic anthropogenic noise can affect wildlife communities. Front. Ecol.
Evol. 11, 1130075 (2023).

Francis, C. D., Ortega, C. P. & Cruz, A. Noise Pollution Changes Avian Communities and Species
Interactions. Curr. Biol. 19, 1415-1419 (2009).

Guenat, S. & Dallimer, M. A global meta-analysis reveals contrasting impacts of air, light, and noise
pollution on pollination. Ecol. Evol. 13, €9990 (2023).

Phillips, J. N., Termondt, S. E. & Francis, C. D. Long-term noise pollution affects seedling
recruitment and community composition, with negative effects persisting after removal. Proc. R.
Soc. B Biol. Sci. 288, rspb.2020.2906, 20202906 (2021).

Fuller, R. A., Irvine, K. N., Devine-Wright, P., Warren, P. H. & Gaston, K. J. Psychological benefits

of greenspace increase with biodiversity. Biol. Lett. 3, 390-394 (2007).



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Carrus, G. et al. Go greener, feel better? The positive effects of biodiversity on the well-being of
individuals visiting urban and peri-urban green areas. Landsc. Urban Plan. 134, 221-228 (2015).
Marselle, M. R., Irvine, K. N., Lorenzo-Arribas, A. & Warber, S. L. Does perceived restorativeness
mediate the effects of perceived biodiversity and perceived naturalness on emotional well-being
following group walks in nature? J. Environ. Psychol. 46, 217-232 (2016).

Wolf, L. J., Zu Ermgassen, S., Balmford, A., White, M. & Weinstein, N. Is Variety the Spice of Life?
An Experimental Investigation into the Effects of Species Richness on Self-Reported Mental Well-
Being. PLOS ONE 12, e0170225 (2017).

Cox, D. T. C. et al. Doses of Neighborhood Nature: The Benefits for Mental Health of Living with
Nature. BioScience biw173 (2017) doi:10.1093/biosci/biwl73.

Franco, L. S., Shanahan, D. F. & Fuller, R. A. A Review of the Benefits of Nature Experiences: More
Than Meets the Eye. Int. J. Environ. Res. Public. Health 14, 864 (2017).

Buxton, R. T., Pearson, A. L., Allou, C., Fristrup, K. & Wittemyer, G. A synthesis of health benefits of
natural sounds and their distribution in national parks. Proc. Natl. Acad. Sci. 118, e2013097118
(2021).

Uebel, K., Marselle, M., Dean, A. J., Rhodes, J. R. & Bonn, A. Urban green space soundscapes and
their perceived restorativeness. People Nat. 3, 756—769 (2021).

Levenhagen, M. J. et al. Ecosystem services enhanced through soundscape management link
people and wildlife. People Nat. 3, 176-189 (2021).

Cardinale, B. J. et al. Biodiversity loss and its impact on humanity. Nature 486, 59-67 (2012).

Dirzo, R. et al. Defaunation in the Anthropocene. Science 345, 401-406 (2014).

Turo, K. J. & Gardiner, M. M. The balancing act of urban conservation. Nat. Commun. 11, 3773
(2020).

City Parks Alliance. Investing in equitable urban park systems: case studies and recommendations.
https://cityparksalliance.org/resource/investing-equitable-urban-park-systems-case-studies-
recommendations/ (2022).

City of Denver Parks and Recreation. 2021 Game Plan for a Healthy City.

https://storymaps.arcgis.com/stories/b79d53982d024edf95111d6989d8967e (2022).



109.

110.

111.

112.

113.

114.

115.

116.

Anguelovski, I. et al. Green gentrification in European and North American cities. Nat. Commun. 13,
3816 (2022).

Nelson, R., Winling, L., Marciano, R., Connolly, N. B. D. & Ayers, N. Mapping Inequality. Mapping
Inequality: Redlining in New Deal America https://dsl.richmond.edu/panorama/redlining/ (2019).
Sears, C. G. et al. The association of traffic-related air and noise pollution with maternal blood
pressure and hypertensive disorders of pregnancy in the HOME study cohort. Environ. Int. 121,
574-581 (2018).

R Core Team. R: A Language and Environment for Statistical Computing. (2022).

McKenna, M., Shannon, G. & Fristrup, K. Characterizing anthropogenic noise to improve
understanding and management of impacts to wildlife. Endanger. Species Res. 31, 279-291 (2016).
Berglund, B., Hassmén, P. & Job, R. F. S. Sources and effects of low-frequency noise. J. Acoust.
Soc. Am. 99, 2985-3002 (1996).

Ellis-Soto, D., Chapman, M. & Locke, D. Uneven biodiversity sampling across redlined urban areas
in the United States. Preprint at: https://osf.io/ex6w2 (2022) doi:10.32942/osf.io/ex6w2.

Haddaway, N. R., Woodcock, P., Macura, B. & Collins, A. Making literature reviews more reliable
through application of lessons from systematic reviews: Making Literature Reviews More Reliable.

Conserv. Biol. 29, 1596-1605 (2015).



