
Comptes Rendus
Géoscience — Sciences de la Planète
2023, Vol. 355, p. 135-144
https://doi.org/10.5802/crgeos.199

Original Article — Terrestrial and aquatic ecosystems

Plastics on the rocks: the invisible but harmful

footprint of shoe soles

Philippe Cecchi a

a MARBEC, Univ Montpellier, CNRS, Ifremer, IRD, Montpellier, France

E-mail: philippe.cecchi@ird.fr

Abstract. Outdoor recreational activities for leisure and for sport training have grown in popu-
larity. Their environmental impacts remain little studied, especially the waste generated by over-
frequentation. Our objective was to document how frequentation of a short mountain hiking trail can
lead to significant quantities of waste. To this aim, all small objects found along a three-kilometer trail
were collected and their origin determined. Polymers were predominant, and were mostly shoe sole
fragments. This has never been documented and must be publicized due to the potential harmfulness
to terrestrial and riparian ecosystems, and to increase the walkers’ awareness.
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1. Introduction

In 2019, plastic production reached 368 million met-
ric tons (Mt) worldwide, 200 times more than in
1950 when it started to become popular [Plastics
Europe, 2020]. Plastic waste is increasing also be-
cause less than 10% is actually recycled and most un-
wanted plastic products are simply discarded [UNEP,
2021]. Nowadays, plastic litter is a global issue and
sometimes is considered a footprint of the Anthro-
pocene [Zalasiewicz et al., 2016, Kramm et al., 2018].
It has been estimated that between 1950 and 2017,
9200 million Mt of virgin plastics were produced
worldwide. This has led to ∼7000 million Mt of plastic
waste of which ∼5300 million Mt were disseminated
in the environment [Geyer, 2020]. As plastic mate-
rials are hardly degradable through weathering and
ageing, they persist in the environment for decades

and up to centuries, first in terrestrial landscapes
[Hoellein and Rochman, 2021] where they accumu-
late and disintegrate progressively to create harm-
ful secondary microplastics [Frias and Nash, 2019]
and nanoplastics [Gigault et al., 2018]. Abundant and
growing scientific evidences have documented their
impacts on terrestrial [Malizia and Monmany-Garzia,
2019] and aquatic environments [see Ostle et al., 2019
for oceans; Blettler et al., 2018 for freshwater] and
also on living organisms [Beaumont et al., 2019, Gal-
gani et al., 2019], possibly including humans [Car-
bery et al., 2018, Rodrigues et al., 2019]. Land-based
plastic sources provide ∼80% of marine plastic lit-
ter [Lebreton et al., 2017], mainly via riverine dis-
charge [Meijer et al., 2021]. In the last decade, ap-
proximately ten million tons of plastic debris have
entered the oceans each year [Jambeck et al., 2015].
A recent study predicted that the amount of plastic
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waste entering the world’s aquatic ecosystems could
reach 90 million Mt/year by 2030, if waste generation
trends continue as expected without improvement in
waste management [Borrelle et al., 2020]. Therefore,
an emerging challenge is related to the identification
of plastic waste sources [Black et al., 2019], with the
aim of tackling the issue before the release and dis-
persion of such products into the oceans where their
collection is very expensive and moderately effective
[Compa et al., 2019]. “The current clean-up initiative
of surface ocean plastics does not sufficiently address
the long-term mobilization of the legacy plastics pool
on land” is clearly underlined by Sonke et al. [2022].
The most significant plastic losses are use-related
(e.g. microbeads of personal care products, fibers of
synthetic textiles, tire wear) and linked to the throw-
away culture (e.g. single-use plastics). They account
for ∼36% and 55% of all losses, respectively [IRP
(International Resource Panel), 2019]. The exten-
sion of urban and suburban areas and the required
provision for their dwellers are mainly responsible.
Natural areas, such as mountains, are not spared
[Padha et al., 2022] due to the aerial transportation
of microplastics to such remote regions [see for ex-
ample Allen et al., 2021], and also due to direct pol-
lution caused by traditional activities (e.g. pasturing)
and/or visitors (e.g. recreational and sport activities).
In direct pollution, the social responsibility of indi-
viduals is engaged and may constitute a lever to de-
crease plastic waste. Clean-up operations are regu-
larly carried out by volunteers, notably on beaches
[Jorgensen et al., 2020], and they are low-cost and
effective [Nelms et al., 2017]. Besides cleaning, such
operations contribute to increase the population’s
awareness and can lead to positive changes in be-
haviors and attitudes [Wyles et al., 2016]. It is known
that volunteer groups are more aware and more con-
cerned than other beach users [Owens, 2018] who of-
ten lack information about litter and its multiple im-
plications besides the visual discomfort [Rayon-Viña
et al., 2019]. Moreover, regular beach users may not
be necessarily aware that they are the main sources of
the litter present on the beach, suggesting that infor-
mation sharing is crucial for influencing their willing-
ness and commitment to behavioral changes [Port-
man et al., 2019]. Similar observations were made
on the anglers’ perception concerning their contri-
bution to marine litter and the levers to be actioned
to increase their “plastic awareness” and strengthen

their commitment towards modifying their behav-
iors and actual practices regarding plastic manage-
ment [Lewin et al., 2020]. As observed in many places
worldwide, for example German Baltic beaches [Sch-
ernewski et al., 2018], tourism contributes massively
to the total litter discharge. Even in remote sites,
for example the Espiguette Beach (South of France),
one of the least affected beaches in Europe, single-
use plastics (mainly cigarette butts/filters and plas-
tic caps/lids from drinks), which are intrinsically as-
sociated with local recreational activities, constitute
approximately half of the items collected during sur-
veys [Vlachogianni et al., 2020]. In marine protected
areas, local human activities also constitute substan-
tial sources of plastic pollution [Guerrini et al., 2019].
In many cases, there may not be any intentional
degradation purpose, but plastic waste is voluntar-
ily dropped and left in the environment, whatever
the ecological and iconic value of the location, and
whatever the waste impact. Overall, the lack of infor-
mation is the most crucial factor to explain such in-
appropriate behaviors. Therefore, providing relevant
and convincing information is a clear target in order
to changes the attitudes/behaviors of natural site vis-
itors towards more eco-friendly practices.

Finally, even well-meaning and supposedly in-
formed people can unintentionally contribute to the
plastic pollution burden through their (seemingly in-
visible) ecological footprint. This is particularly the
case in remote natural areas where anthropogenic
impacts are mainly due to their frequentation for
leisure. Forster et al. [2020] showed how the abrasion
of synthetic fibers in footwear and clothing could be
a major source of microplastics in wild areas that
are unaffected by direct pollution sources other than
human passage. After describing the actual environ-
mental contamination associated with fragmented
polymers lost by walkers on hiking trails and their
immediate vicinity, Forster et al. [2020] also provided
impressive data on this unknown source of potential
pollution linked to the economic market of sports-
and foot-wear.

The purpose of the present study was to illus-
trate such unexpected situation by describing obser-
vations made at the end of December 2019, when
walking early in the morning along a short trail in
the South of France. Different kinds of small detri-
tus were found, and approximately half of them were
shoe sole fragments unintentionally lost by hikers.
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As their cumulative amount was quite important,
walkers should be more aware of their potential dele-
terious impacts. Then, very simple recommenda-
tions are provided.

2. Materials and methods

Pic Saint-Loup (43′′46′44 N; 03′′48′44 E) is a small
mountain (658 m) located 20 km north of Montpellier
(south of France), ∼30 km from the Mediterranean
coast (Figure 1).

Pic Saint-Loup dominates the flat coastal region,
is visible from afar, and is an important topographi-
cal point. Pic Saint-Loup is a major tourist attraction
and one of the favorite excursions by local residents.
The mountain is made of Jurassic limestone and is
part of a large set of folded limestone reliefs (anti-
cline) that extend from the Pyrenees to the Provence.
The rock of Pic Saint-Loup was formed by accumula-
tion of marine sediments of great thickness, shaped
by temperatures and pressures over time to give an
often sharp white rock that was raised by the tectonic
plate movements (Pyrenean area tectogenesis). The
peak is subject to the Mediterranean climate of the
South of France, with significant annual precipitation
(1000 to 1200 mm/year). Part of this rain infiltrates
and joins the large underground karst system that fu-
els the Lez spring, one of the tap water sources for
the ∼300,000 inhabitants of Montpellier [Fourneaux
et al., 1989]. A 3 km trail (South face of the moun-
tain) allows hikers to reach the summit and return in
few hours. The trail is mostly rocky, with low-slope
areas and sections that are more rugged, especially
near the top. An underground sensor, which counts
the walkers taking the path, was installed at the start
of the path in 2016. At the end of 2019, 337,772 pas-
sages were cumulated for this single year. This means
that on average, 231 people took the trail every day
[CCGPSL, 2016, 2017, 2018 and personal communi-
cation for 2019].

I made my annual walk on December 29, 2019.
The parking at the trailhead was empty and I be-
gan walking at sunrise (∼8 am). The weather was hu-
mid and mild, in perfect harmony with the landscape
freshly washed by the morning dew. Unfortunately,
few minutes into the hike, a small red object trapped
between two stones caught my eye. I picked it up
and placed it in a zip-lock bag. I encountered and
picked up other objects several times during the 3 km

Figure 1. Pic Saint-Loup (source: https://inpn.
mnhn.fr/site/natura2000/FR9101389?lg=en).
The trail joins the summit from the south (on
the left of the arrow).

hike. The visual opportunistic collecting of all the
obviously exogenous items encountered during the
promenade constitutes the sample discussed here-
after (Figure 2).

After gentle cleaning with distilled water, all items
were dried, weighed, classified into polymers, metal,
glass and other, and further sorted in: “incivilities” (a
butt, a beer-bottle cap, a candy wrapper) and “unin-
tentional discards” (a shoelace, a piece of cloth, small
fragments of shoe soles). Incivilities included items
that were probably “deliberately” (i.e. intentionally)
discarded, while unintentional discards were surely
“accidentally” (i.e. unintentionally) dropped. The
sample representativeness is obviously questionable
because it corresponded to an accumulation of items
over an unknown period. This collection occurred
after five full days without rainfall following several
days of mild rain (46 mm in ten days) (source: https:
//www.meteoblue.com/fr/meteo/historyclimate/
weatherarchive/pic-saint-loup_france_2978708)
that was insufficient for a significant washout. One
could hypothesize that the collected items had accu-
mulated during a two-week period.

3. Results

Sixty-four elements were found (i.e. approximately
one every 100 m, considering a complete round
trip) (Figure 2). Fifty-three (83%) were polymers (Fig-
ure 3A) and corresponded to half (53%) of the total
(30 g) detritus mass (Figure 3B). The collected items
were dusty but not dirty, and lack of weathering con-
firmed that they had been recently lost on the trail.

https://inpn.mnhn.fr/site/natura2000/FR9101389?lg=en
https://inpn.mnhn.fr/site/natura2000/FR9101389?lg=en
https://www.meteoblue.com/fr/meteo/historyclimate/weatherarchive/pic-saint-loup_france_2978708
https://www.meteoblue.com/fr/meteo/historyclimate/weatherarchive/pic-saint-loup_france_2978708
https://www.meteoblue.com/fr/meteo/historyclimate/weatherarchive/pic-saint-loup_france_2978708
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Figure 2. The 64 items found on the Pic Saint-Loup hiking trail on December 29, 2019.

Five pieces of metal and five pieces of glass were also
found (8% in number; 20% and 22% in mass, respec-
tively). One element (a chewing gum) constituted the
“other” class (5% in mass). The disastrous ubiquity
of plastics was sadly confirmed, but the most strik-
ing observation concerned the “archeology” or the
“object narratives” of this litter sample (Figure 3C,D).
“How did these objects get here, and what behaviors
caused them to follow a particular course that resulted
in becoming pollution?”, p. 230 in Schofield et al.
[2020]. Moreover, what actions might have prevented
this outcome?

Twenty-one of the 64 items (33%) were considered
incivilities (Figure 3C). All except two (a piece of nail
file and a cigarette butt) were “food-related”: a lol-
lipop stick, a piece of plastic bottle cap, the chew-
ing gum, a beer-bottle cap, and a dozen pieces of
candy and biscuit wrappers that constituted half of
the mass of this category. Glass pieces (from bottles)
constituted the second half of deliberately discarded
waste. Importantly, their number was largely under-
estimated due to the large quantity observed close to
and on the summit. Their cumulative footprint is ob-
vious and will be durable.

Most items (43; 67%) were lost accidentally (Fig-
ure 3D). They were made of plastics (42 items) and
metal (one item: a fragment of bicycle crankset),
and constituted 56% of the detritus mass. Nine of
the 42 plastic items came from clothing or acces-
sories: a blue feather, a small yellow star, a piece
of black shoelace, two pieces of red fibers, sev-
eral pieces of yellow, blue or black cloth. The other
33 plastic items came from bright-colored running
shoe/sneaker soles (small fragments and pieces of
crampons varying in size between 5 mm and 5 cm).
Therefore, shoe sole fragments represented 52% of
all detritus (31% in mass), 62% of polymers (58% in
mass), and 79% of the accidentally discarded items
(55% in mass).

The extrapolation over a complete year, based on
a two-week accumulation period, led to dramatic re-
sults: up to 1500 small items discarded every year,
corresponding to 720 g of waste including ∼380 g of
plastics. Approximately a thousand of them (∼400 g)
will be accidentally lost, including ∼800 small pieces
of shoe soles (∼220 g). To date, the dynamics of
secondary microplastic (<5 mm in size) formation
has not been fully understood. Undoubtedly, our
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Figure 3. Distribution of the 64 items found on the Pic Saint-Loup hiking trail on December 29, 2019.
(A) Total number of items per category (polymers, metal, glass, other). (B) Total mass per category.
(C) Number and mass per category of deliberately discarded waste. (D) Number and mass per category
of accidentally discarded items.

findings are probably only the “tip of the iceberg” due
to the short length of the trail (3 km, compared with
the 180,000 km of marked trails in France).

Two main categories of visitors use the Pic Saint-
Loup trail: families/social groups and athletes. One
may suspect that “incivilities” are mainly due to the
first category, while “unintentional discards” could
be mostly linked to the second. This second category
is also clearly growing: many athletes are increasingly
looking for performance training and cardiovascu-
lar fitness improvement. This suggests that runners
who climb the Pic Saint-Loup are among the main
polluters, unintentionally contributing to half of the
plastic waste with a lifespan that extends to centuries
and with largely unknown associated hazards.

4. Discussion

All trail-based human activities have some ef-
fects on the environment. The impact of outdoor

activities in remote areas has been sparsely assessed,
and studies rarely focused on pernicious pollutions.
Until recently [Forster et al., 2020], the environmen-
tal impact assessment of hiking in natural areas
never mentioned anthropogenic waste as a mean-
ingful threat, but only soil and vegetation degrada-
tion [Evju et al., 2021], dispersal of weed seeds [Pick-
ering, 2022, Dolman and Marion, 2022], or spread-
ing of antibiotic-resistant bacteria and genes [Scott
et al., 2021]. Particularly, the polluting effect of shoes
has been completely overlooked [Horton, 2022], al-
though microplastics from footwear abrasion may
be significant contaminants in high traffic areas of
natural environments. Indeed, it is easy to assume
that shoes are sources of microplastics, mainly due to
the shoe sole wear and tear due to friction with sur-
faces, as observed for tires that represent globally the
largest source of microplastics lost in the environ-
ment [Heller et al., 2020, Knight et al., 2020]. There-
fore, the shoes of people using running/walking
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tracks can release large amounts of microplastics
that can easily reach natural environments through
rainwater runoff and wind. A Danish Environmen-
tal Protection Agency report estimated that in 2015,
the total annual abrasion from shoe soles was be-
tween 100 and 1000 tons in Denmark alone [Lassen
et al., 2015]. Moreover, a German study calculated
that shoe sole wear (109 g per capita per year) was
the seventh largest contributor of microplastics in
the country [Bertling et al., 2018]. Many different
materials are used to manufacture a single shoe.
The sole is usually made of leather, vulcanized rub-
ber, thermoplastic rubber, polyurethanes, thermo-
plastic polyurethanes, or ethylene vinyl acetate
[Muthu and Li, 2021]. In addition, synthetic shoes
contain elevated concentrations of hazardous sub-
stances [Herva et al., 2011] that represent a worrying
issue.

Microplastic pollution in karst aquifers remains
largely unknown [Panno et al., 2019]. The elevated
porosity of the Pic Saint-Loup soils may lead to mi-
gration and recharge of the karst aquifer by materials
left on its surface [Viaroli et al., 2022]. Only four stud-
ies assessed the toxicity of shoe sole microplastics
[Ingre-Khans et al., 2010, Kim et al., 2022, Lee et al.,
2022, da Costa Araújo et al., 2022] and found that
it is related to chemicals leached in aquatic organ-
isms (algae, crustaceans, amphibians, and fish) and
in bean plants. Fourneaux et al. [1989] experimen-
tally traced (fluorescein) the connectivity of ground-
water masses down the Pic Saint-Loup, and found
that during the dry season, 95% of the marked flow
was retrieved in the Lez spring (∼7.5 km south of
the Pic Saint-Loup). This spring partly provides fresh-
water to the Montpellier city and is also an impor-
tant biodiversity hotspot (Natura 2000) where lives
the endemic Lez sculpin (Cottus petiti), one of the
most endangered freshwater fish species in Europe
[Persat et al., 1996]. The hydrology of this karst sys-
tem is complex [Fleury et al., 2009] and depending
on the season, rainwater infiltrates when the aquifer
is at low water level, or flows away when the system is
fully recharged. Therefore, the Pic Saint-Loup plastic
waste may affect both riverine terrestrial and fresh-
water systems, and also the aquifer.

Globally, the footwear industry is responsible for
important waste at the end of the shoe life (one year
for sneakers) that are most often disposed in land-
fills. Between 2015 and 2020, the worldwide footwear

production was ∼22–25 billion pairs per year
[Statista, 2022]. The global athletic footwear mar-
ket is currently worth ∼$90 billion, and is expected to
reach over $93 billion by 2025. The global footwear
consumption has been doubling every 20 years since
the 1950s, and each individual now buys three new
pairs of shoes every year [Van Rensburg et al., 2020],
with important variations around the world (<1 in
India and Vietnam; >5 in Europe and USA). Most
shoes are made of complex mixtures of various poly-
mers sewn and glued together, thus making them dif-
ficult to recycle [Muthu and Li, 2021]. Manufacturing
a single shoe involves at least 40 different materials
[Van Rensburg et al., 2020], which is one of the main
reasons for the high environmental impact of this
sector. The end-of-life fate of 95% of all shoes is a
landfill where a shoe can take up to 40 years to de-
cay, and synthetic materials up to several centuries.
Therefore, the escalating consumption of footwear
contributes to increasing the accumulation of syn-
thetic polymers as waste in our environment.

Due to their light weight and durability, plastic
waste can be easily transported in terrestrial envi-
ronments where it can accumulate in freshwater sys-
tems [Blettler and Wantzen, 2019]. Thus, the use of
sports shoes during physical exercise (beneficial to
human health) can add an environmental stress fac-
tor to aquatic and terrestrial organisms, potentially
far away from the places where sports are practiced.
Moreover, shoes are products rich in meaning and
their purchase is linked to and strengthen the cus-
tomer’s cultural identity. Sustainability is a critical is-
sue worldwide, and customers do exert increasing
pressure on companies to engage in and to adopt
positive attitudes towards environmental and social
issues. “It is the product, not the polymer that is driv-
ing the issue of plastic waste” [Stanton et al., 2021].

5. Conclusion

Contemporary practices of consumption and dis-
charge (“cradle to grave”) are the main source of an-
thropogenic waste in the environment. To be effec-
tive, environmental actions to minimize waste re-
lease must be informed by objective science to drive
changes in the users’ consumption practices, and
also in product design. Recycling and circular econ-
omy (“cradle to cradle”) is one way currently explored
by the main sportswear brands.
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Dolman and Marion [2022] indicated that the
COVID-19 pandemic has led to ∼20% increase in out-
door activity participation in the United States in
2020. Traditional hot spots for nature outings are in
great demand, and a forthcoming over-frequentation
of such sites might be expected. I think that it is
possible to identify and anticipate direct or indirect
detrimental consequences to this trend; however, the
main offenders might not be those we spontaneously
think about. Most of our readers are assiduous nature
observers; many of them are also enthusiastic out-
door activity practitioners. The aim of this note it to
increase their awareness and maybe also their com-
mitment to fight this shocking situation. This study
may draw their attention and call for their vigilance.
Environmental knowledge plays an essential role in
influencing decision-making processes and actual
actions: people who perceive environmental risks are
more likely to behave in an environmentally friendly
manner [Yoon et al., 2021]. Providing and publiciz-
ing robust scientific information is definitively cru-
cial [Charitou et al., 2021]. This is also the aim of this
small note.

6. Immediate recommendations

• Regular cleaning of the trail: this can be en-
couraged through specific sessions that in-
volve citizens.

• Information: placing posters on the parking
site to inform visitors about the risks asso-
ciated with waste and to encourage them to
pay attention about their own waste.

• Incitation: clearly indicating the locations of
garbage bins.

• Scientific: microplastic monitoring in the Lez
spring.
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