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Ever increasing numbers of wind turbines, communication towers, power lines,
and aerial vehicles are clear evidence of our growing reliance on infrastructure in
the lower aerosphere. As this infrastructure expands, it is important to understand
public perceptions of an increasingly crowded sky. To gauge tolerance for aerial
crowding, 251 participants from across the US completed a survey where they
rated tolerance for a series of aerial infrastructure images (i.e., towers, turbines,
and airborne vehicles) in four landscapes with varying degrees of pre-existing
ground-level infrastructure that approximated rural, suburban, and urban settings.
We predicted lower tolerance for aerial infrastructure 1) in more natural scenes
and 2) among rural residents. In general, participants preferred an open aesthetic
with relatively little aerial infrastructure across all landscape types. No clear
association was found between infrastructure tolerance and natural scenes nor
rural residency, with participants slightly less tolerant of infrastructure in the
suburban scene. Tolerance scores were generally similar across age, income
levels, and political affiliations. Women indicated less crowding tolerance than
men, with this effect driven by a disproportionate number of women with zero
tolerance for aerial infrastructure. African Americans and Asians had higher
tolerance scores than other racial/ethnic groups, but these trends may have
been affected by low sample sizes of non-white participants. Our survey
revealed fewer differences in crowding tolerance across demographic groups
than might be expected given widely reported political and geographic
polarization in the U.S. Attitudes toward aerial infrastructure were varied with
few associations with demographic parameters suggesting that public opinion has
not yet solidified with regard to this issue, making possible opportunities for
consensus building with regard to responsible development of aerial
infrastructure.
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1 Introduction

A convergence of technological advances and infrastructure
developments have brought us to a new phase of human
history—the era of the crowded sky. While the sky was once
seen as a limitless expanse, we are continuing to see conflicts
arising from concurrent human use of the lower atmosphere for
transportation (Kopardekar et al., 2008), communication (Kashyap
et al., 2014), solar energy (Sawyer et al., 2022), wind energy (Klæboe
and Sundfør, 2016), hunting (Rowland et al., 2021) and drone use
(Rule, 2015). Meanwhile, a variety of wildlife requires this airspace as
habitat for migration (Peterson et al., 2015), foraging (Remsen and
Robinson, 1990), and reproduction (Clark, 2009). Understanding
howwe can balance demands for space in the lower atmosphere is an
emerging problem that can only be met by an interdisciplinary
approach which considers the physical properties of the aerosphere,
the biological entities that use it, the spatial distribution of relevant
resources, and the requirements and perceptions of human societies.
This study attempts to provide insights into the last of these
elements - human perceptions of the lower atmosphere relative
to infrastructure development.

A discussion about anticipated pathways of future development
within the lower atmosphere should include some sense of how
much aerial infrastructure people regard as tolerable. More
specifically, we should understand how various viewpoints might
contribute to a balance of economic development, social equity, and

environmental health that could be deemed sustainable. Despite the
importance of the sky throughout human existence, there is
remarkably little research that examines how we currently
perceive it. A study of 650 people in 5 urban areas suggests that
people, especially urban residents, have only a tenuous awareness of
the sky, with most participants expressing concern about the
condition of the sky (e.g., cloudy, clear, etc.) while they were
unable to accurately describe it during the day or night (Zube
and Law, 1984). As the aerosphere is a natural resource in which
a variety of constituencies–human and non-human–have interests,
we need a better understanding of people’s attitudes about its use as
well as an understanding of how they use the space.

To gain insight into human perceptions of aerial infrastructure,
we created an online survey wherein participants could actively vary
the amount of aerial infrastructure in four different landscape
images and indicate what they believed to be acceptable and/or
excessive amounts of built environment, such as wind turbines,
electrical towers, communications towers, and aerial vehicles
(Figure 1). The image selection application was used in
conjunction with a more traditional survey instrument that asked
participants about their socioeconomic status, political leanings, and
attitudes toward nature.

The primary focus of this study was to determine whether
people’s tolerance of aerial infrastructure is related to their
connections with natural, as opposed to artificial, environments.
We recruited participants from both rural and urban communities

FIGURE 1
Landscape background images used to evaluate tolerance limits for aerial infrastructure. Participants in our survey could move the sliders below
each image to increase or decrease the amount of aerial infrastructure in the image. From (A–D) we refer to the images as “nature,” “park,” “suburb,”
and “urban”. Participants were not given labels during the survey.
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with the expectation that residents in more rural communities
would be less tolerant of aerial infrastructure in general. We also
predicted that background images depicting more naturalistic
settings would receive lower tolerance scores than landscape
images that depicted more built environments. Our survey asked
participants whether they saw nature as fragile or robust, and we
predicted that lower tolerance scores would be selected by those who
regarded nature as fragile. As a secondary focus, we investigated
whether tolerance of aerial infrastructure was related to several
standard demographic parameters including gender, income,
home ownership, age, racial identification, and political affiliation.

Although the depictions of aerial infrastructure in our survey are
illustrations rather than real landscapes, this simple tool allowed us to
quickly generate novel data on public attitudes about the potential
crowding of the sky. This approach can help us establish a baseline of
public opinion on a topic which has been relatively under-examined
in studies of the public’s views on the environment, and this form of
preemptively surveying aerial infrastructure tolerance is valuable in
informing urban decision-making, expansion planning, and rural
industrial development. In addition to testing the predictions
described above, we evaluate the potential for our survey approach
to contribute meaningfully to plans for future development of the
lower atmosphere.

2 Materials and methods

Our survey was designed using Qualtrics, and can be viewed here:
https://osf.io/4gd5e. The survey consisted of 58 questions grouped
into three general categories. First, we presented a series of four
questions that ask participants to interact with a landscape image
using a “slider” immediately below the image (Figure 1). As the
participant moved the slider to the right, the landscape became
increasingly populated with tall structures and aerial vehicles.
Participants were asked to move the slider to the point where they
felt that there was too much aerial clutter. The final location of the
slider when a participant moved on to the next question was scored as
an integer from 0 to 19; henceforth these values are referred to as
tolerance scores. Participants were presented four different landscape
background images with varying levels of pre-existing ground-level
infrastructure, with the presentation order randomized. Images
consisted of an open woodland pasture with one cell tower, a
park-like scene with a low amount of aerial infrastructure, a low-
density suburban scene depicting two residential houses with a
moderate amount of infrastructure, and an urban scene with
considerable built infrastructure (see Figure 1). Infrastructure
added to each scene by the slider included an array of
communication towers, electrical towers, wind turbines, airplanes,
and drones. The same set of objects was added to each scenario,
although the locations of the objects and the order in which they
appeared varied among the four scenarios. The background scenes as
well as the aerial objects were proportional and realistic, but also
clearly artificial and distinguishable from photographs. The
backgrounds and arrays of aerial infrastructure were composed
using the simulation video game Cities: Skylines (Version 1.12.1,
Paradox Interactive AB, Stockholm, Sweden). A rendering of all
background images with aerial infrastructure is included in
Supplementary Documentation (see Supplementary Figures S1–S4).

Another category of questions participants answered focused on
demographic information and environmental concerns. We asked
demographic questions about: age, gender, income, racial
identification, and political affiliation. In addition, we asked
whether participants regarded nature as fragile or robust (on a
scale from 1 to 10), and we regarded this response as the respondents
‘attitude toward nature.’We also asked respondents which potential
problems and benefits associated with increased use of the lower
atmosphere were of greatest concern to them and where these
environmental concerns ranked among other societal problems.
A third category of questions addressed the process of
deliberative citizen committees and whether participants would
regard these committees as a means of addressing problems or
conflicts that relate to overcrowding of the lower atmosphere (data
not shown–readers can access the full survey to examine this set of
questions).

We disseminated the survey using the survey panel service from
Qualtrics. XM, a survey recruitment service which completes
specified demographic quotas to achieve as close to a random
sampling as possible. All survey respondents were residents of
the United States. Respondents were recruited from a variety of
sources including frequent-flyer memberships and retail incentive
programs. Participants were also compensated by Qualtrics. XM in a
variety of ways, and the value of the compensation ranged from
approximately 0.7–3 US dollars. To ensure that the images in the
survey were viewed in a relatively large format, participants were
required to take the survey using a computer as opposed to a phone
or tablet. We used preliminary screening options to stipulate a
balance among four regions of the United States as well as equal
representation from males and females. In addition, we initially
stipulated a balance of responses from rural and urban communities
(wherein rural communities had <50,000 people); however we had
to relax this requirement to reach our target of 250 survey
participants. As a result, there are slightly more respondents
from urban communities. Our survey and recruitment process
were reviewed and approved by the University of Oklahoma
Institutional Review Board (IRB number 13439).

Survey data were analyzed using the R Programming
Environment (version 4.0.2; R Core Team). We used the
‘qualtRics’ package (Gin and Silge, 2021) to import data directly
from the Qualtrics server. We then filtered data to remove
incomplete surveys and responses associated with our own
testing of survey functionality. We carried out significance tests
were carried out to examine whether tolerance scores were related to
several key respondents’ characteristics, specifically: 1) rural vs
urban residency, 2) the background images used in the survey, 3)
attitude toward nature, 4) political party, 5) gender, 6) race/
ethnicity, 7) age, 8) income, and 9) homeownership. With the
exception of the age analysis, we used a within-subjects approach
(i.e., mixed models with respondent ID as a random factor) in all
analyses with the tolerance scores for each of the four background
images regarded as a repeated measure. Each of these analyses
involved generating a simple null model using the nlme package
(Pinheiro et al., 2022), and then generating a corresponding model
with the key variables included. We then performed a likelihood
ratio test to see if the variable(s) of interest significantly improved
the model. Results from these–tests consist of chi-squared statistics
an associated p-values. For the analysis age, we generated a mean
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tolerance score for each participant and simply regressed these
means on participant age. Each statistical test involved some
degree of data manipulation to divide participants into categories
and/or to remove data where there was insufficient representation. A
full description of each statistical test along with preliminary data
preparation is included in our Supplementary Material, and the
associated R code is available here: https://osf.io/d6jhn/. The
account below, only summarizes the results. Means are presented
with standard deviations unless otherwise indicated. Twenty-four
respondents selected 19 (the maximum) for every tolerance score,
and 7 respondents selected 0 (the minimum) for every tolerance
score. It is possible that these respondents were simply “clicking
through” the survey and not providing considered and authentic
responses. On the other hand, these people may have been
expressing very high or low tolerance for aerial infrastructure. To
ensure that this set of responses did not bias our results, we ran all
analyses with and without these participants included.

3 Results

A total of 251 respondents completed surveys. The pool of
respondents was slightly female biased with 112 identifying as male,
138 as female, and 1 non-binary. It also had a modest bias toward
participants from urban communities (i.e., communities with over
50,000 residents), with 133 urban residents and 118 rural residents.
The survey was administered from September 28 to 26 October
2021, nationwide in the United States using the Qualtrics Experience
Management service. Although we requested a balance of
representation from all regions, without explanation Qualtrics
delivered a dataset that was biased toward respondents from the
southern United States, with 95 respondents from the south and 48,
56, and 52 from the Northeast, Midwest, and West, respectively.
Average response times for the slider questions ranged from 5.1 to
113.1 s, with an average of 25.5 ± 14.0 s. Only two respondents had
average response times less than 9 s, suggesting that the vast
majority of participants were not randomly choosing tolerance
score values. The presentation order of the different landscape
background images was randomized, but there was some
evidence that the presentation order affected the selection of
tolerance levels for aerial infrastructure. We examined the
tolerance level means associated with presentation order and
found that the first background presented had a slightly higher
mean tolerance score (8.43 ± 6.58) than the second (7.62 ± 6.19),
third (7.31 ± 6.10), and fourth (7.42 ± 5.95) background images. An
ANOVA of tolerance scores across the presentation order was not
significant (F3,192 = 1.656, p = 0.175). However, when the tolerance
scores from the first background image were compared with the
combined scores for all subsequent images combined, there was a
significant ANOVA test (F1,179 = 4.657, p = 0.0312). Therefore, we
generated a binary variable to indicate which of the four
backgrounds was presented first for each respondent (i.e., the
first background was coded as a 1 and subsequent backgrounds
were coded as 0). We then incorporated this ‘first background’ factor
in all subsequent analysis to control for potential bias associated with
image presentation order.

Table 1 summarizes the results of all statistical tests and Figure 2
illustrates effect sizes. We found no evidence that tolerance scores

were influenced by urban vs. rural residency, attitude toward nature,
age, income, or homeownership. With regard to the background
images used in generating tolerance scores, there was a slightly lower
mean tolerance score for the low-density suburban background
image, and this trend was evident in both the full dataset (x2

3 =
19.10, p < 0.001) and the truncated dataset (x23 = 19.53, p < 0.001)
that excluded participants who consistently chose 19 or 0 for all
tolerance scores. In comparing tolerance scores among political
parties, we found that democrats tended to have lower tolerance
scores on average. This potential effect did not reach the level of
significance, although it was more pronounced (and nearly
significant: x2

3 = 6.81, p = 0.078) in the analysis of the truncated
data set as opposed to the full dataset. There also appeared to be
lower tolerance scores in women (Women: 7.09 ± 5.61; Men: 8.50 ±
5.42; x21 = 3.96, p = 0.048). However, this difference became less
pronounced after removing participants who only chose tolerance
values of 19 or 0 (Men: 7.16 ± 4.03; Women: 6.33 ± 4.43; x2

1 = 2.09,
p = 0.15), which was likely due to the fact that 7 of the 9 participants
who selected only 0 for all tolerance score were women. Finally, our
analysis of race and ethnicity with regard to tolerance scores was
complicated by the fact that 82% of the respondents were white, and
representation of each minority group was very limited (Figure 3).
Still, there was evidence that African Americans and Asians had
higher tolerance scores than some of the other racial and ethnic
groups, and this trend held for both the full data set (x2

5 = 11.70, p =
0.039) and the truncated data set (x2

5 = 14.42, p = 0.024). The results
from all statistical tests are more fully presented in Section 1 of the
Supplementary Documentation.

4 Discussion

Our main prediction–that lower tolerance for aerial
infrastructure would be associated with rural imagery and
rural residents–was not strongly supported by any of our
analyses. Among the different background scenes, participants
tended to indicate lower tolerance scores for the depiction of a
suburban residential area. Our expectation was that the more
natural settings (the nature and the park scenes) would receive
lower tolerance scores than the more human altered settings.
While we did not inquire as to the reasoning for various
selections such as lower property levels, it is possible that a
cluttered skyline is least desirable in a scene that depicts a
residential dwelling.

4.1 Assumptions and limitations of the study
design

Implicit in our comparison of rural and urban residents is the
assumption that the current residential situation of each participant
represents their preferences and that these preferences would
contribute to their tolerance scores. That is, people who live in
rural areas do so because they prefer the countryside, and urban
dwellers preferentially choose the more built-up environments of
cities. However, it is likely that many of our participants face external
constraints, such as economic hardships, family arrangements, or
transportation issues, that force them to forego their preferences to
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live in more urban or rural settings. Previous studies suggest wind
turbine noise is a burden for rural landowners (Pedersen and Waye,
2004; Rogers et al., 2006; Harrison, 2011; Van Renterghem et al.,
2013; Schmidt and Klokker, 2014), on the other hand extending
cellular network capabilities from more towers is beneficial for rural
or underserved communities (Cassidy, 2013). Unfortunately, we did
not ask participants to state their preferred living situation. Making
it unclear whether those preferring rural residency would be more
opposed to aerial infrastructure than those who prefer urban
environments.

The slider images in our survey provided a simple means of
revealing attitudes toward built infrastructure, but this approach
clearly has limitations with regard to real world applications.
Dynamic graphics controlled by sliders have been previously
used to assess participants’ perceptions of body esthetics
(Springer et al., 2011; Ralph-Nearman et al., 2019), simulated
environments (Khadka and Banic, 2019; Stephens and Smith,
2022), and self-ideal dietary portion sizes (Embling et al., 2021),
but to our knowledge this was the first attempt to deploy this
method to gauge reactions to aerial crowding. This use of slider
scales can lead to higher participant dropout when using static
pictures (Funke et al., 2011), but our survey used dynamic
frames. Online surveys do not always incentivize honest,
unrushed responses (Martins and Lavradio, 2020), and our

survey is likely not an exception. Also, there was some
indication in our data that the presentation order of the
images influenced tolerance scores. Several studies have
shown that perceptual inertia, or “hysteresis” can influence
how users interact with graphical interfaces that involve
decision making (Wienese et al., 2000; Brady and Oliva, 2012;
Martin et al., 2015). For example, subjects tasked with indicating
transitions among different types of on-screen images can
display marked changes in the timing of their responses as
testing progressed (Poltoratski and Tong, 2014). The notion
of hysteresis could very much help to explain why the first
image’s score was consistently higher than subsequent image’s
scores.

4.2 Implications of expanding aerial
infrastructure

The aesthetics of aerial infrastructure has been a focus of
controversy in national and global planning efforts (Al-Hinkawi
and Ramdan, 2016; Haruna et al., 2018). Although aesthetics are
clearly an issue that we must address as our communications,
energy, and transportation technologies advance, we are unaware
of previous attempts to assess tolerance of aerial infrastructure in

TABLE 1 List of all tests, models, and summarized results from survey data on tolerance of aerial infrastructure. The truncated data set refers to exclusion of survey
participants who only chose the minimum or maximum tolerance values in their survey responses. Abbreviations are as follows: TS = tolerance score; first = which
background image was presented first; urbRur = Urban vs. Rural resident classification; scene = which of the four background images used in tolerance score
questions; natAttCat = categorical classification based on attitude toward nature, party = political party affiliation, race = one of five racial/ethnic categories;
income = one of three income categories; homeowner = one of three homeownership categories.

Analysis and model (R code) Full dataset results Truncated data set results

Null not a test not a test

TS ~ first + (1|id)

urban vs. rural residents no effect no effect

TS ~ urbRur + first + (1|id) x21 = 0.012, p = 0.91 x21 = 0.54, p = 0.46

Background Image slightly lower mean TS score for the low-density suburban
background

lower mean TS score for the low-density suburban background

TS ~ scene + first + (1|id) x23 = 19.10, p < 0.001 x23 = 19.53, p < 0.001

Attitude toward nature no effect no effect

TS ~ natAttCat + first + (1|id) x22 = 0.1.96, p = 0.37 x22 = 3.32, p = 0.19

Political party no effect higher TS among democrats (nearly significant)

TS ~ party + first + (1|id) x23 = 0.72, p = 0.87 x23 = 6.81, p = 0.078

Gender lower TS in women lower TS in women, but not significant

TS ~ gender + first + (1|id) x21 = 3.96, p = 0.048 x21 = 2.09, p = 0.15

Race/ethnicity African Americans and Asians tended to have higher TS
scores. x25 = 11.70, p = 0.039

African Americans and Asians tended to have higher TS scores.
x25 = 14.42, p = 0.024TS ~ race + first + (1|id)

Age no effect no effect

TS ~ age R2 = 0.0045, p = 0.29 R2 = 0.0023 p = 0.48

Income no effect no effect

TS ~ income + first + (1|id) x22 = 1.82, p = 0.40 x22 = 1.27, p = 0.53

Homeownership tolerance ~ homeOwner +
first + (1|id)

no effect no effect

x22 = 1.83, p = 0.40 x22 = 1.29, p = 0.52
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a manner similar to our survey (i.e., in a hypothetical context).
Several studies have assessed overall skyline aesthetics
(Karimimoshaver and Winkemann, 2018), preferred type of
skylines (Gholami et al., 2019; Karimimoshaver et al., 2021),
infrastructure altering landscape indices (Sklenicka and Zouhar,
2018), and urban landmark visual appeal (Zhao et al., 2020), but
these studies did not include varying levels of infrastructure. The
most similar study asked visitors of Nairobi National Park in
Kenya how their place attachment and genius loci (spirit of a
place) changed with local urban growth and wind farm expansion
(Nordman and Mutinda, 2016). Another study used eye-tracking
technology to determine value of landscapes comparing hotels to
culturally significant buildings like temples (Guo et al., 2021).
Our study is the first to use imagery to discern tolerance
thresholds in various landscapes for aerial infrastructure
gradients.

With diminishing airspace availability, urban planners must
consider public perceptions of increasingly crowded skies.
There are bound to be many perspectives among academic
disciplines which may pertain to the perceived or anticipated
impacts of human alterations of the lower atmosphere,
including: 1) physical infrastructure such as communication
towers, tall buildings, and wind-powered turbines; 2)
transportation such as airplanes, unmanned aerial systems or
“drones”, blimps, and rockets; 3) airborne emissions including
particulates, greenhouse gases, and other pollutants (e.g., ozone,

FIGURE 2
Boxplots of aerial infrastructure tolerance scores in relation to several categorical responses in our survey. The lines within each box are medians,
and the solid dots are means. The transparent dots show the actual data with jitter added to better illustrate variation. Note that the first four boxplots on
the left correspond to separate responses to each of the four background images. For all of the other boxplots, we used the mean tolerance score for
each individual across the four background images.

FIGURE 3
Tolerance scores across race and ethnicity categories of all
survey participants. The lines within each box are medians, and the
solid dots are means. The transparent dots show the actual data with
jitter added to better illustrate variation.
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hydrogen sulfide); and 4) artificial lighting by roadway or other
infrastructure installations. It may also reflect different priorities
in terms of sustainable use or ethical valuation. Various parties
may not be on the same page in terms of sharing concerns within
the system or even be able to recognize each other’s motivations
and reasoning.

5 Conclusion

Most participants selected tolerance thresholds indicating
mid-level acceptance of aerial infrastructure. There were groups
of people who selected tolerance scores that were on the extreme
ends of the scale, suggesting that while most respondents
preferred a relatively uncrowded aesthetic, a relatively small
number of respondents may have had strong reactions toward
the degree of aerial infrastructure crowding. While previous
research strongly points to polarized attitudes toward public
concerns, such as climate change (Jaffe, 2018), agriculture
(Rasheed et al., 2022), and urbanization (Wilkenson, 2019),
this study did not find associations between tolerance scores and
political affiliation. It may be that the degree to which the sky
should be dedicated to built infrastructure and transportation
does not likely rank very high among the daily concerns of
average people. This fact would suggest that there is still time for
discussions that include everyday citizens about regulation of
the use of the aerosphere. We argue that the time for these
discussions is at hand given the rapid pace of development in the
lower atmosphere These discussions must include human and
non-human impacts, as the lower atmosphere is not merely a
space for humans to populate with airplanes and
communications towers but also a habitat for millions of
other species that are struggling to cope with human induced
changes to the aerial and terrestrial environments. This
awareness along with a better understanding of human
perceptions of cell towers, wind turbines, and drone usage
will help urban planners use the lower atmosphere in a
responsible manner that balances public needs with the
unique ecology and aesthetics of the sky.
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