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Plastic waste is of increasing concern
in marine ecosystems [1–3]. Buoyant
plastic particles accumulate in pelagic
habitats whereas non-floating debris
accumulates on the seafloor and
in beach sediments, posing risk to
the respective communities [1–4].
Microplastic particles (<5 mm) are
either directly introduced via sewage
discharge or formed by biofouling
and mechanical abrasion, making
them more prone to consumption
by aquatic organisms [2,3]. As a
consequence, they can accumulate in
higher trophic levels [3–5]. A variety
of harmful effects of plastic and
associated chemicals has been shown
[2–4]. Moreover, plastic debris can
act as vector for alien species and
diseases [2,6]. A large portion of the
plastic waste is produced onshore
and reaches the marine environment,
which is considered the main sink
of plastic debris. There is, however,
a considerable lack of knowledge
on the contamination of freshwater
ecosystems with plastic debris. We
here show that freshwater ecosystems
also act, at least temporarily, as a sink
for plastic particles.
We examined the abundance of
plastic particles in beach sediments
from the subalpine Lake Garda, Italy.
The lake is used for drinking water
supply and is one of northern Italy’s
most popular tourist destinations.
Among the main land-based sources
of plastic waste entering the lake are
discarded plastic products and debris
which may originate from landfills.
For the quantification of plastic
particles, we collected sediment
samples from two beaches at Lake
Garda using a random grid sample
technique. The sample preparation
was based on density separation.
Identification and quantification
was performed using Raman

microspectroscopy which allows
for analysis of particles down to the
µm-range (Supplemental information).
We found the majority of plastic
particles at the north shore of Lake
Garda with 483 ± 236 macroplastic
particles/m² and 1,108 ± 983
microplastic particles/m². At the
south shore, extrapolations revealed
8.3 macroplastic particles/m² (only
one replicate contained macroplastic)
and 108 ± 55 microplastic particles/m²,
respectively. The high concentration
of particles at the north shore may
result from the strength of the wind
‘Ora’ blowing from south to north,
resulting in a strong surface circulation
and a counter clockwise rotating
eddy at the northern tip of Lake Garda
(Supplemental information). Our results
are in concordance with a study from
Lake Huron (Great Lakes) were 94%
of plastic pellets were found at a
single beach [7]. The found numbers
of microplastic particles are in a
similar range as reported in studies
performed on marine beach sediments
(0.21–77,000 particles/m²), though
not as large as in cases of highly
contaminated marine beach sediments
[8]. Nevertheless, our results indicate
a similar relevance of microplastic
contamination in lakes.
Similar to marine environments
and the Great Lakes, with ocean-like
characteristics, we found primarily low
density polymers, namely polystyrene
(45.6%), polyethylene (43.1%) and
polypropylene (9.8%). However, in the
size class of very small microplastic
particles (9–500 µm), also polyamide
and polyvinylchloride were identified
(Figure 1). Polyvinylchloride was
ranked among the five most
hazardous plastic polymers and by
far the most additives are used for its
production [9].
In general, the particles we found
were fragments of larger particles, most
likely originating from post-consumer
products. The found fibres (2.3%) rather
originate from lakeside sources (e.g.
rope, fishing gear) as fibres were not in
the size range found in sewage effluents
[3] (Supplemental Information).
An exemplary examination of nine
randomly chosen plastic particles
(0.781–3.016 mm) using scanning
electron microscopy revealed
diverse surface textures which
closely resembled degradation
and fragmentation marks of plastic
particles found in marine environments
(Figure 1) [8]. Signs of degradation in

plastic pellets from Lake Huron (Great
Lakes) already suggested mechanical
degradation of plastics in freshwater
systems into smaller fragments resulting
from sometimes high wave actions at
the beaches of this large lake [7].
The continuous discharge
of microplastic into freshwater
ecosystems renders it potentially
hazardous to the biota [3,10]. Although
the uptake of plastic particles has
already been shown for a variety of
marine invertebrates [5], there is a lack
of knowledge for limnetic organisms.
The size range of microplastics found
in our study strongly supports the
probability of uptake of these particles
by a variety of organisms. We show
that artificially ground fluorescent
microplastics (polymethyl methacrylate,
29.5 ± 26 µm) were ingested by a wide
range of freshwater invertebrates of
different feeding guilds, indicating
the risk of bioaccumulation (Figure 1,
Supplemental Information).
Contamination with plastic debris
in freshwater habitats has rarely been
shown and concentrated on sewage
treatment plant effluents [3,10], river
mouths [5] and great lakes with oceanlike characteristics [7]. We show that
even in a subalpine lake the amount
of plastic particles is reaching similar
magnitudes as in marine environments,
suggesting that freshwater systems
do not only act as a source for
marine contamination. In this context,
microplastic particles are generated in
high amounts from larger fragments,
persist due to their longevity and will
therefore accumulate in freshwater
habitats.
As Lake Garda is located close to
remote alpine areas, the contamination
with plastic debris may be of even
higher significance in low-land lakes
and streams. Their highly diverse
properties make plastic particles
prone to ingestion by a wide range of
freshwater invertebrates originating
from different habitats and different
functional levels. The resulting
bioaccumulation of microplastic
particles underpins that contamination
with plastic debris may be as hazardous
to the biota of freshwater habitats as
for marine organisms. Hence, further
research and standardized surveillance
guidelines to control for microplastic
contamination in freshwater
ecosystems, such as is required for
marine systems, is a crucial prerequisite
to identify potential hotspots of
plastic particle accumulation, high risk
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Figure 1. Macro- and microplastic particles from a freshwater ecosystem.
(A) Polymer type abundance (in percent) in the different particle size classes found at beach sediments of the subalpine Lake Garda, Italy.
(B) Scanning electron microscope image of a decaying polystyrene particle with multiple adherent particles and cracks (white arrow), showing
the possible fragmentation into tinier microplastic particles. (C) Photograph of particles identified using Raman microspectroscopy. Particle 1
& 2 are polyethylene (PE), particle 2 shows distinctive signs of degradation; particle 3 shows no Raman bands, i.e. is not plastic; particles 4, 5
& 6 are polyethylene particles and containing Helizarin olive green as colour pigment. (D) Corresponding Raman spectra of the PE particles 1
(blue spectrum) and 2 (red spectrum) from (C). Grey spectrum is the reference PE spectrum. Note that visible degradation of particle 2 is also
reflected in the Raman spectrum. (E) Corresponding Raman spectra of the PE particles 4 (olive spectrum), 5 (grey spectrum) and 6 (light blue
spectrum) from (C). The grey spectrum is the reference PE spectrum. The green spectrum identifies the colour pigment Helizarin olive green.
(F) Optical microscope image of a large polyamide fragment (black arrow). (G) Optical microscope image of a smaller polyamide fragment on
the same filter (black arrow). (H) Corresponding Raman spectra of the polyamide particles in (F, red spectrum; G, blue spectrum). The grey and
black spectra are the polyamide references. (I) Map of the study area. Depiction of the main wind directions at Lake Garda. The ‘Ora’ (solid line)
blows from the south-west to the north-east in the early afternoon and the ‘Peler’ (dotted line) blows during the night in the opposite direction.
Red triangle: Sampling site at the north shore. Blue dot: Sampling site at the south shore. (inset) Lake Garda (marked in red) located in the Italian
Alps. (J) Deposit feeding clitellate worm Lumbricus variegates; fluorescent particles (white arrows) are visible in the entire gut system.

products and groups of organisms that
are more vulnerable to the impacts
of plastic debris and its associated
chemicals [4]. This may help to
foster future risk assessment and
conservation strategies.
Supplemental Information
Supplemental Information including experimental procedures and two figures can be
found with this article online at http://dx.doi.
org/10.1016/j.cub.2013.09.001.
Acknowledgements
We thank M. Kredler, J. Leidinger, M. Böhm,
A. Auerbach, and F. Bergmeier for ideas and
help during the experiments and J. Fischer,
R. Matzke-Karasz for help with the internal
morphology of the Ostracoda. We also thank
J. Lohr for language improvements of the
manuscript, B. Förster and M. Preiß, D. Wiesner
and U. Wilczek for capturing the SEM images
and C. Herrmann for Italian translation. We wish
to thank the Deutsche Forschungsgemeinschaft
(DFG; LA 2159/7-1; NI 261/29-1) and the

Studienstiftung des deutschen Volkes for
generous financial support.
References
1. Thompson, R., Olsen, Y., Mitchell, R.P., Davis,
A., Rowland, S.J., John, A.W.G., McGonigle, D.,
and Russell, A.E. (2004). Lost at sea: Where is
all the plastic? Science 304, 838.
2. Barnes, D., Galgani, F., Thompson, R.,
and Barlaz, M. (2009). Accumulation and
fragmentation of plastic debris in global
environments. Philos. Trans. R. Soc. London
Ser. B 364, 1985–1999.
3. Browne, M.A., Crump, P., Niven, S.J., Teuten,
E., Tonkin, A., Galloway, T., and Thompson,
R. (2011). Accumulation of microplastic on
shorelines woldwide: sources and sinks.
Environ. Sci. Technol. 45, 9175–9179.
4. Rochman, C.M., Browne, M.A., Halpern,
B.S., Hentschel, B.T., Hoh, E., Karapanagioti,
H.K., Rios-Mendoza, L.M., Takada, H., Teh,
S., and Thompson, R.C. (2013). Policy:
Classify plastic waste as hazardous. Nature
494, 169–171.
5. Cole, M., Lindeque, P., Halsband, C., and
Galloway, T.S. (2011). Microplastics as
contaminants in the marine environment: A
review. Mar. Pollut. Bull. 62, 2588–2597.
6. Zettler, E.R., Mincer, T.J., and Amaral-Zettler,
L.A. (2013). Life in the “Plastisphere”: Microbial
Communities on Plastic Marine Debris.
Environ. Sci. Technol. 47, 7137–7146.

7. Zbyszewski, M., and Corcoran, P. (2011).
Distribution and degradation of fresh water
plastic particles along the beaches of Lake
Huron, Canada. Water Air Soil Pollut. 220, 1–8.
8. Hidalgo-Ruz, V., Gutow, L., Thompson, R.C.,
and Thiel, M. (2012). Microplastics in the
marine environment: A review of the methods
used for identification and quantification.
Environ. Sci. Technol. 6, 3060–3075.
9. Lithner, D., Larsson, Å., and Dave, G. (2011).
Environmental and health hazard ranking and
assessment of plastic polymers based on
chemical composition. Sci. Total Environ. 409,
3309–3324.
10. Dubaish, F., and Liebezeit, G. (2013).
Suspended microplastics and black carbon
particles in the Jade System, southern North
Sea. Water Air Soil Pollut. 224, 1–8.

1Department

of Animal Ecology I, University of
Bayreuth, Universitätsstr. 30, 95440 Bayreuth,
Germany. 2Institute of Hydrochemistry (IWC),
Chair for Analytical Chemistry, Technische
Universität München (TUM), Marchioninistr. 17,
81377 Munich, Germany. 3Department of
Biology II, Ludwig-Maximilians-University
Munich, Grosshaderner Str. 2,
82152 Planegg-Martinsried, Germany.
†Shared senior authorship.
*E-Mail: christian.laforsch@uni-bayreuth.de

