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Abstract
Urban areas are the primary source of human-made litter globally, and roadsides are a primary
accumulation location. This study aimed to investigate how litter arrives at roadsides and
determine the accumulation rate and composition of roadside litter. We monitored select roadsides
in the Inland Empire, California, for litter abundance (count) and composition (material, item, and
brand type). Receipt litter with sale time and location information was used to investigate whether
wind, runoff, or human travel were dominant transport agents. Only 9% of the receipts could have
experienced runoff, and wind direction was not correlated with receipt transport direction.
However, human travel and receipt transport distances were similar in magnitude and distribution,
suggesting that the displacement of litter from the place of purchase was predominantly affected by
human travel. The median distance receipts traveled from the sale location to the litter observation
location was 1.6 km, suggesting that most sources were nearby to where the litter was found. Litter
accumulation rates were surprisingly stable (mean 40 349 (33 255–47 865) # km−1 yr−1 or 1170
(917–1447) kg km−1 yr−1) despite repeated cleanups and the COVID-19 stay-at-home orders. A
new approach was employed to hierarchically bootstrap litter composition proportions and
estimate uncertainties. The most abundant materials were plastic and paper. Food-related items
and tobacco products were the most common item types. The identified branded objects were
from the primary manufacturers (Philip Morris (4, 2%–7%), Mars Incorporated (2, 1%–3%), RJ
Reynolds (2, 1%–3%), and Jack in The Box (1, 1%–3%)), but unbranded objects were prevalent.
Therefore, identifiable persistent labeling on all products would benefit future litter-related
corporate social responsibility efforts. High-resolution monitoring on roadsides can inform urban
litter prevention strategies by elucidating litter source, transport, and accumulation dynamics.

1. Introduction

Urban areas are the primary sources of anthropogenic
litter that damages aquatic and terrestrial environ-
ments (Jambeck et al 2015, Rech et al 2015, Lebre-
ton et al 2017, Cowger et al 2019). The source of
all anthropogenic litter is at the production location
(Araújo and Costa 2019). Production lines transform

litter into various forms and transport it to a sale loca-
tion. Consumers purchase the litter from the sale loc-
ation and transport it further (Kawecki and Nowack
2019). At any point across this system, there can
be a loss of litter to the urban environment. Road-
sides are the primary litter accumulation location
within urban areas (Kawecki and Nowack 2019). In
the United States, the major roadside litter supply
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processes are suspected to be individual littering,
illegal dumping, and improper household waste dis-
posal (Müller et al 2020). Although thesemechanisms
are typically associated with consumer actions, the
entire supply chain and governing bodies need to be
engaged to solve litter pollution (Borrelle et al 2020).
Producers can create more reusable or less environ-
mentally harmful products (Altman 2021), and gov-
ernments can pass ordinances to regulate products
and improve waste management strategies (Borrelle
et al 2020). This study focuses on roadside litter in
the Inland Empire and aims to develop a strategy for
assessing litter transport processes, identifying factors
that control litter accumulation rates, and advan-
cing litter composition quantification to inform litter
prevention.

After a human mismanages litter and it escapes
into the environment, it can be transported by wind
(Zylstra 2013) or runoff (Mellink et al 2021) to other
locations or removed by cleanup activities or degrad-
ation. Litter observed during roadside monitoring
campaigns will reflect an integration of these pro-
cesses. Recent policy research has highlighted the
importance of local action (Rochman et al 2020)
and source identification (Provencher et al 2020) on
ending litter accumulation. A strategy for identifying
which sources are pertinent to a region could be a crit-
ical decision-making tool. Receipts are a novel piece
of litter that often have location and time information
about the sale location they originated. The first goal
of this study was to use receipt trajectories to unravel
the relative importance of runoff, wind, and human
transport mechanisms and describe the proximity of
litter sources to litter observations.

Identifying prevention strategies to end the accu-
mulation of roadside litter is a critical step for improv-
ing urban environmental quality and avoiding the
financial costs of cleanup (Wagner and Broaddus
2016). A common observation in littering behavior
research is that people are more likely to litter in
littered areas (Schultz et al 2013). We hypothesized
that removing litter from roadsides to keep them
clean would decrease litter accumulation throughout
the study duration. During the COVID-19 pandemic,
studies observed decreases in other types of pollu-
tion (Dutheil et al 2020). We hypothesized that litter
accumulation would decrease as a result of the pan-
demic. The second goal of this study was to determ-
ine if frequent cleanup or the COVID-19 pandemic
would reduce litter accumulation at our monitoring
sites.

Roadside litter composition informs hazard iden-
tification and fate assessment and assists in identi-
fying litter sources (Morales-Caselles et al 2021).
Typically, material type (resource) and item type
(shape) compositions of the litter are described.
Brand information directly ties litter to a produ-
cer and is less often measured. Therefore, study-
ing litter brands is a novel approach (Roper and

Parker 2006, Muñoz-Cadena et al 2012, Ballatore et al
2021) that can inform the producers and corpor-
ate social responsibility initiatives, such as voluntary
and mandatory actions to improve environmental
quality (Landon-Lane 2018). Litter composition is
often reported as a total proportion of litter classes
(material, item, brand types) without any uncer-
tainty metrics (Morales-Caselles et al 2021). Recently,
a new relational and hierarchical classification sys-
tem (Trash Taxonomy) was developed to thoroughly
assess litter composition by material, item, and brand
(Hapich et al 2020). The third goal of this study was
to quantify uncertainty in the litter composition at
our sites and assess gaps in current litter classifica-
tion strategies, focusing on how they might impact
corporate social responsibility initiatives.

1.1. Survey region
The Inland Empire includes San Bernardino County
and Riverside County, California, United States
(figure 1). The Inland Empire was chosen because
most researchers were based there. The topography
of the area includes mountains and valley regions,
and major land uses are natural vegetation (>90%),
developed (2%–5%), and agricultural (1%–4%)
areas (Agriculture and Natural Resources U of C
2021). The region has a mean population density
of 60 people km−2 (Census 2021a). The climate is
Mediterranean with 50 cm of average annual precip-
itation, primarily falling as rain in winter and dry
summers. Wind is typically low intensity (mean daily
8.3 km h−1) and moves north to south. In the fall
and spring, when this study was conducted, strong
winds and rain were generally rare, which led us to
hypothesize that the primary mode of litter trans-
port would be human transport. The Inland Empire
has a robust waste management system that includes
municipal and private street-side collection of three
recovery streams (landfill, recycling, and yard waste),
street sweeping, litter capture devices in storm drains,
and frequent manual cleanups.

2. Methods

This study monitored roadside litter in the Inland
Empire, California, using a crowdsourced methodo-
logy with high-resolution surveying of litter accumu-
lation and composition.

2.1. Survey methods
Eighteen researchers each surveyed a unique ∼100–
1000 m length of roadside for litter 1–3 times per
week for 2–4 weeks in Fall 2018, Fall 2019, or
Spring 2020 in the following Inland Empire cities:
Riverside, Moreno Valley, Loma Linda, San Dimas,
and Palm Desert using a standardized methodology
(supplemental information, figure 1 available online
at stacks.iop.org/ERL/17/015007/mmedia). Siteswere
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information for the sale transaction, 85 had at least
sale location information, and 75 had at least sale time
information. If a receipt had an address, travel dis-
tances were calculated as Haversine distance (straight
line) from the latitude and longitude coordinates
where the object was found to the address listed. Hav-
ersine distance was divided by the time between when
the receipt was created and when it was found to
determine the transport rate (m d−1). We compiled
wind (mean daily wind direction (0◦–360◦), mean
daily wind speed (m s−1)) and precipitation (mm,
total daily) data for the entire observation period
from a weather station (KRAL) near the center of our
study region using the Midwestern Regional Climate
Center’s cli-MATE application (MRCC 2021). If a
receipt had a timestamp and sale location on it, mean
daily wind directions were vector averaged with daily
wind speed for the receipt’s potential duration in the
environment to estimate the vector mean wind direc-
tion the receipt could have experienced. The receipt
transport direction was calculated as the straight dir-
ection from the address on the receipt to where the
receipt was found. Receipts with sale addresses were
collected from 16 September 2018 to 18 November
2019, and all were found in Riverside and San Ber-
nadino counties. Data on human trip distances from
01 January 2019 to 31 December 2019 in San Bern-
ardino andRiversideCountieswere acquired from the
Bureau of Transportation Statistics (Bureau of Trans-
portation Statistics 2021). Trip data was only avail-
able from 01 January 2019 onward, but we think this
represents the temporal domain of the receipt data-
set. The Bureau of Transportation created the binned
human trip distance data by using smartphone track-
ing and aggregating them to daily and county levels
(e.g. 100 human trips occurred between 1 and 10 km
in San Bernadino Country on 01 February 2019).
Trips were defined asmovements with a stay of longer
than 10 min. We made the data continuous by ran-
domly sampling the distance range bins with uniform
probability distributions ranging from the smallest to
largest value for the bin.

2.3. Monitoring site dataset
All survey sites included in the monitoring site data-
set needed to have data cleaned by the researcher
(described in section 2.1) and trash removed from
the entire site at least once during the study to ensure
high quality and comparable data. Only seven of the
18 locations met these criteria, and the others were
excluded (figure S2). One site was unable to be fully
cleaned during the first 2 d of the study, so the data
for those first 2 d were omitted from the monitoring
site dataset. A technical malfunction disrupted data
logging at one site during one survey, but the litter
wasmanually tallied outside Litterati and added to the
database without a timestamp or latitude and longit-
ude information.

One site was surveyed on two separate occasions
to test the hypothesis that COVID-19 stay at home
orders would decrease litter accumulation. First, a
year before the COVID-19 pandemic and second,
during the 2020 stay-at-home orders issued by Cali-
fornia Governor Gavin Newsome effective 19 March
2020. The activity of walking around the neigh-
borhood (essential for conducting this study) was
permitted by the stay-at-home order. The stay-at-
home order continued throughout the second survey
period.

Socio-geographical informationwas compiled for
each site. Demographic data were extracted for each
location by merging Census tracts with the 2015
Census tract planning database (Census 2021b). Pop-
ulation density per Census tract was calculated by
dividing the population in the tract by the tract area.
Population density in the study area was an average
of 920 people km−2, while the Inland Empire was
60 people km−2. Monitoring sites were only com-
prised of urban land use areas (primarily residential
and mixed commercial-residential). As a result, our
sites were biased toward urban high population dens-
ity regions of the Inland Empire. Road length was cal-
culated in Google Earth by tracing the centerline of
the road in the monitoring site. Road widths ranged
from 10 to 25 m, and road lengths ranged from 121
to 483 m.

Litter accumulation rates (# d−1 km−1) were cal-
culated for each survey by dividing the number of lit-
ter observed by the total number of days since the pre-
vious survey and by the length of the surveyed road.
Litter mass accumulation (kg d−1 km−1) was com-
puted by conducting a literature review to find the
average mass of each litter object (Wijzer 2015, Bal-
latore et al 2021, Ocean Conservancy 2021). When a
reasonable estimate for an object’s mass was unavail-
able, we used the suggested 82.5 g estimate (Wijzer
2015). Themass conversion table was applied to every
object (supplemental information).

Litter composition was assessed using the Trash
Taxonomy. Data were merged to the most up-to-
date Trash Taxonomy material, items, and brand
alias, and hierarchy tables. Datasets were reconciled
to the Trash Taxonomy (Hapich et al 2020) tables
using Open Refine (Openine 2021) and reconcile-csv
(Open Knowledge Foundation 2021). This proced-
ure makes the data compatible with the 69 other lit-
ter surveys incorporated in the Trash Taxonomy. Lit-
ter composition was computed for each survey day
by dividing the total number of pieces observed for
an individual category by the total number of pieces
observed.

2.4. Statistical analysis
Statistics were calculated in R with hypothesis tests
determined as significant or insignificant using the
significance level of 0.05.
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Figure 6. Sunburst plots show the relative composition of litter clustered by the hierarchy from the Trash Taxonomy. The
hierarchy displayed here is essential for thorough comparison with other studies who use different classification schemes.
Categories closer to the center of the circle are parent categories in the hierarchy of the child categories which are further from the
center. Each category lists the percent composition of that category to all litter found during the study, and uncertainties around
the mean percent were bootstrapped (resampling with replacement, n= 10,000) and listed. Figure (A) shows the material
composition, any category less than 10% of the total was removed from the figure for visualization. Figure (B) shows the item
types, any category less than 10% of the total composition was removed from the figure. Figure (C) shows the manufacturer
names, any category less than 1% was removed from the figure.
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activities, which were continued during the stay-at-
home order. Additionally, Seco Pon and Becherucci
(2012) found that litter standing stock on roadsides
in Argentina was stable throughout the seasons of
the year without removing any of the litter, similar
to the first observations of standing stock at Site 7,
which were both around 200 pieces (figure S2). Lit-
ter accumulation may be generally balanced by litter
removal at these monitoring sites. Site 4 stood out as
having a significantly lower litter accumulation rate
than most other sites (figure 5). Site 4 also had the
lowest Cal Enviroscreen score (an index of environ-
mental burden) of all the sites (supplemental inform-
ation, OEHHA 2021). Future work could assess if any
of the variables in the Cal Environscreen are strong
determinants of litter accumulation.

The stability of the litter accumulation rates indic-
ates that this method may be valid for future invest-
igation into interventions. Since the cleanup did not
impact the litter accumulation, this method would
be valid to test other prevention strategies without
removing the effect from the measurement itself. To
further support our approach for regional analysis,
the city of Riverside (central towheremuch of the sur-
vey monitoring occurred) estimated a litter accumu-
lation rate of 2855 kg km−1 yr−1 in 2010 with street
sweeping data (Riverside City 2021), while our estim-
ate was 1170 (917–1447) kg km−1 yr−1 in 2018–2020,
which were within a factor of two. However, future
studies should randomize monitoring sites through-
out the Inland Empire for a more robust regional
inference. Based on power analysis, future repeat
studies should expect an intervention capable of pro-
ducing a shift in the mean accumulation rate greater
than±37% or collect more data to quantify a statist-
ically robust effect at the sites.

4.3. Litter composition
Plastic, food items, cigarette products, and brands
with high market prevalence were also known to be
the most prevalent litter objects in environmental
compartments around the world (Roper and Parker
2006, Muñoz-Cadena et al 2012, Ballatore et al 2021,
Morales-Caselles et al 2021). In another study in
Southern California, Marlboro and Jack-in-the-box
were also prevalent brands on beach litter (Moore
et al 2001). Solutions have been proposed to decrease
single-use plastic product availability and engage cor-
porations through corporate social responsibility ini-
tiatives (Landon-Lane 2018). The approach we have
developed for measuring the uncertainty in the pro-
portion of objects attributed tomanufacturers should
assist in developing effective corporate social respons-
ibility strategies. We would like to see the most pre-
valent manufacturers of litter found at our sites take
an active role in decreasing the abundance of their
waste. Future studies could employ this monitoring
technique to measure their efficacy.

Unmerged andunbranded categorieswere preval-
ent, not useful, and resulted from a limitation of our
current classification capabilities for litter. Unmerged
categories were not in the Trash Taxonomy (Hapich
et al 2020) and should be added to the Trash Tax-
onomy in future work. Most objects were unbranded
and therefore nearly untraceable to their producer.
This discrepancy hampers corporate social respons-
ibility initiatives for the producers of unbranded
products. We advocate for improving material finger-
printing and branding policies that increase the iden-
tifiability of manufacturers who created the products
(Almroth et al 2021).

5. Conclusions

In this study, we advance science relevant to govern-
ment entities, individuals, and corporations so that
all can work together to end litter by advancing the
science of litter transport processes, accumulation
rates, and composition in the Inland Empire of Cali-
fornia. This study was the first of its kind to con-
duct high-resolution surveys of litter accumulation
rates on roadsides and identify human transport as
a primary mechanism for litter transport. Roadsides
are a significant input of litter to the environment,
and this work reports a methodology for monitoring
litter on roadsides andmeasuring the efficacy of inter-
ventions to litter accumulation there. The hierarchical
litter composition and uncertainty analysis used here
has vast implications for thoroughly interpreting lit-
ter compositions and brand composition assessment
which could be instrumental in driving future cor-
porate social responsibility initiatives. Removing lit-
ter from the study locations made our efforts impact-
ful in its own right, although this intervention did not
reduce littering as we expected.
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