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ABSTRACT: The ingestion of microplastics has been shown for
a great variety of marine organisms. However, benthic marine
mesoherbivores such as the common periwinkle Littorina littorea
have been largely disregarded in studies about the effects of
microplastics on the marine biota, probably because the pathway
for microplastics to this functional group of organisms was not
obvious. In laboratory experiments we showed that the seaweed
Fucus vesiculosus retains suspended microplastics on its surface.
The numbers of microplastics that adhered to the algae correlated
with the concentrations of suspended particles in the water. In
choice feeding assays L. littorea did not distinguish between algae
with adherent microplastics and clean algae without micro-
plastics, indicating that the snails do not recognize solid nonfood
particles in the submillimeter size range as deleterious. In periwinkles that were feeding on contaminated algae, microplastics
were found in the stomach and in the gut. However, no microplastics were found in the midgut gland, which is the principle
digestive organ of gastropods. Microplastics in the fecal pellets of the periwinkles indicate that the particles do not accumulate
rapidly inside the animals but are mostly released with the feces. Our results provide the first evidence that seaweeds may
represent an efficient pathway for microplastics from the water to marine benthic herbivores.

■ INTRODUCTION

The extensive global disposal of plastic debris into the
environment has resulted in progressive accumulation of
microplastics in the oceans. Small synthetic particles, fragments,
and fibers in the submillimeter size range are found in
substantial densities in almost all marine habitats, from the sea
surface down to the sediments of the deep ocean floor.1−3 The
ubiquity and the high persistence of microplastics in the marine
environment have raised concerns about possible detrimental
effects on marine organisms.4

The ingestion of microplastics has been reported for a great
variety of marine organisms, including vertebrates and
invertebrates.4 Organisms from specific habitats and with
specific feeding modes are believed to be most vulnerable to
microplastic ingestion.5 For example, suspension or filter
feeders accumulate suspended food particles from the
surrounding water, whereas deposit feeders naturally take up
nonfood particles, such as sand grains, while foraging in
sediments. Additionally, results from laboratory experiments
and field observations provide strong evidence for the transfer
of microplastics between species from different trophic levels of
the marine food web.6−8 Accordingly, the majority of species
that have been reported to ingest microplastics are benthic and
pelagic suspension feeders, deposit feeders, or predators, the
latter potentially taking up microplastics along with their prey.4

This bias toward organisms representing these functional

groups reflects the high susceptibility of these species for
microplastic ingestion. Additionally, it may reflect a bias in
research efforts toward species from specific habitats where
microplastics are known to accumulate.
On rocky shores, seaweeds provide habitat, food, and shelter

for a diverse community of associated organisms.9 However,
interactions of microplastics with benthic seaweeds and their
consumers have not been considered yet. This is surprising
because rocky shores have been suggested to enhance the
formation of microplastics from larger plastic items that are
smashed against rocks and broken into small particles in the
surf zone.10 Additionally, suspended particles accumulate in
macrophyte habitats because the complex morphology of plants
efficiently retains particles and reduces hydrodynamic forces,
thereby facilitating particle deposition.11,12 Furthermore, nano-
sized plastic particles have been found to attach to algal surfaces
by electrostatic binding to cellulose.13 Seaweeds have
extensively been used in the biomonitoring of waterborne
contaminants due to their potential to accumulate pollutants in
their tissue,14 whereas small invertebrate herbivores (meso-
herbivores) have been shown to be sensitive to pollutants in
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their algal diet. Contaminated algal tissue may deter
mesoherbivores from feeding or affect their health status
upon consumption.15,16 Accordingly, seaweeds and mesoherbi-
vores provide a sensitive system for investigating the transfer of
dissolved or particulate pollutants into marine food webs and to
consumers of higher trophic levels.
To study if seaweeds can collect suspended microplastics and

facilitate their transfer to herbivorous consumers, we tested the
following hypotheses: (1) microplastics can adhere to the
surface of seaweeds, and (2) meso-herbivores take up
microplastics together with contaminated seaweed tissue. For
testing these hypotheses, we used as model organisms the
brown seaweed Fucus vesiculosus and its consumer, the common
periwinkle Littorina littorea. F. vesiculosus forms extensive
intertidal canopies along rocky shores of the temperate North
Atlantic.17 Its ability to grow on natural and artificial hard
substrata allows the species to colonize, for example, coastal
protection structures near urban centers,18 where microplastic
concentrations can be particularly high.19 L. littorea is a
common meso-herbivore in the temperate North Atlantic.20

The species feeds on ephemeral epilithic and epiphytic algae
but also consumes large seaweeds, including fucoid brown
algae.21,22

■ MATERIALS AND METHODS
Origin and Maintenance of Animals. Periwinkles,

Littorina littorea, were collected in April and June 2014 in the
rocky intertidal of the island of Helgoland (North Sea,
54°10′41″ N, 7°53′32″ E). The animals were transferred to
the laboratories of the Alfred Wegener Institute in
Bremerhaven, where they were maintained in a recirculating
seawater system at 15 °C until use for experiments. The
animals were fed ad libitum with fresh thalli of the brown
seaweed F. vesiculosus, which were collected from groins in the
Weser estuary (53°31′52″ N, 8°34′27″ E).
Microplastic Preparations. A total of three different

fluorescent microplastic preparations were used for the
experiments: microbeads and fragments made of polystyrene
as well as polyacrylic fibers. Microbeads (Fluoro-Max dyed
green aqueous fluorescent particles) were purchased from
Thermo Scientific (Waltham, MA). The polystyrene particles
had a uniform globular shape and a diameter of 10 μm. The
concentration of the suspension was determined with a
Sedgewick-Rafter Cell (Pyser-SGI Ltd., Edenbridge, UK)
under a fluorescence stereomicroscope (Nikon SMZ25) using
the FITC filter set (ex: 460−500 nm, em: 510−560 nm). An
aqueous stock suspension of about 55 000 microbeads ml−1 was
prepared.
Microplastic fragments were prepared from green fluorescent

polystyrene granulate (3 mm, UV-Granulate, Magic Pyramid
Bruecher & Partner KG, Frechen, Germany). The granulate
was ground to a fine powder in a ball mill (Mikro-
Dismembrator U, B. Braun Biotech International, Melsungen,
Germany). About 500 mg of granulate were ground in a
stainless steel shaking flask (volume: 5 mL) with seven grinding
balls (chromium steel, 5 mm diameter) at room temperature
for 30 min at 2000 rpm. After grinding, the powder was
suspended in demineralized water and filtered twice through a
150 μm nylon gauze. Visual inspection under a stereo-
microscope revealed that the particles that passed the filter
had irregular shape and a size of 1−100 μm. The particle
concentration in the suspension was counted in a Sedgewick-
Rafter Cell under a fluorescence stereomicroscope using the

FITC filter set. An aqueous stock suspension of about 45 000
fragments ml−1 was prepared.
Fibers were prepared from orange fluorescent polyacryl wool

(“Leucht-Wolle”, Magic Pyramid Bruecher & Partner KG). The
wool yarn was cut with dissecting scissors into pieces as small as
possible. The length of the fibers was measured under a
fluorescence stereomicroscope using the TRITC filter set (ex:
530−560 nm, em: 590−650 nm). The length of the fibers
ranged from 90 to 2200 μm. The fibers easily aggregated in
clumps when suspended in water and, thus, could not be
counted accurately. Therefore, the concentration of fibers in
suspension was not expressed as number of particles per
volume but as mass per volume (mg·ml−1).

Adherence of Microplastics to Seaweeds. We studied
the adherence of microbeads, fragments, and fibers to the
surface of the brown alga F. vesiculosus by exposing algal pieces
to particles of defined concentrations suspended in seawater.
All experiments were carried out at 9 °C, which corresponded
to the ambient water temperature at the time of the
experiments.
The distal tips (area: 4−6 cm2) were cut off of algal thalli that

were collected from harbor constructions in the Weser estuary.
We only used algal pieces that were free of epiphytes. A total of
three tips were placed together in a Petri dish with 40 mL of
filtered (0.2 μm) seawater to allow for friction between algae
that may influence particle adherence. The seawater was
supplemented with one of the three types of fluorescent
microplastic particles. The Petri dishes were agitated on a
waving platform shaker (Polymax 1040, Heidolph, Schwabach,
Germany) at 60 rpm and 10° tilt.
In the first experiment (Exp 1) the algal pieces were agitated

for 2 h in seawater with microplastics (contamination).
Subsequently, the algal pieces were transferred into Petri
dishes with filtered seawater without microplastics, and
agitation continued for another 2 h (decontamination). One
of the three algal pieces was randomly selected, and the number
of microplastics on the upper surface of the alga was counted
under the fluorescence stereomicroscope. The surface area of
the algal piece was measured using the automatic surface-area
detection function of the microscope software (NIS Elements
BR 4.20.01 64 bit imaging software, Version 4.00, Nikon,
Prague, CZ).
In the second experiment (Exp 2), the algal pieces were first

agitated for 2 h in seawater with microplastics (contamination).
Thereafter, the seawater was removed stepwise (10 mL every
30 s) from the Petri dishes with a pipet, and the algae were
allowed to dry in air for 2 h at room temperature to simulate
tidal emersion and to test for the effect of desiccation on
particle adherence. The number of microplastics was counted
on one of the three pieces. Subsequently, the piece was
transferred into a Petri dish with filtered seawater without
microplastics. A total of two other pieces of clean and marked
algae were added, and the Petri dish was agitated for another 2
h (decontamination) before the number of microplastics on the
formerly contaminated piece was again counted and the surface
area of the piece measured. A total of three different
concentrations of microplastics were tested within each
experiment (Table 1). These concentrations were about 3 to
4 orders of magnitude higher than the highest pelagic
microplastic concentrations reported in the literature23 and
allowed for reliable detection of microplastics on the algal
pieces even at the lowest concentrations. Each experiment
comprised 20 replicates.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b02431
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.est.5b02431


Uptake of Microplastics by Littorina littorea. Choice
feeding assays were carried out to test whether periwinkles
distinguish between clean algae and those that were
contaminated with microplastics. Rectangular pieces were cut
off the apical regions of the freshly collected thalli of F.
vesiculosus so that each of the algal pieces possessed two cut
edges and two natural edges. The algae were contaminated with
microbeads or fragments by pipetting 10 μL of the microplastic
suspension onto one side of the algal pieces. The pieces were
left to dry in air for 1 h. To contaminate the other side of the
algae, we soaked each piece for 20 min in a few ml of seawater.
The water was carefully removed with a pipet. The pieces were
turned upside down, and the clean side was contaminated and
air-dried as well. Uncontaminated pieces received 10 μL of
seawater without microplastics but were otherwise treated as
the contaminated algae. Prior to the feeding assays the prepared
algal pieces were placed in seawater for 24 h.
The wet weight (WW) of the algal pieces was determined

before and after the feeding experiment. To remove adherent
water from the algal surface without removing the micro-
plastics, we grasped the pieces with forceps, and surface water
was removed by carefully dipping the edges of the algae on
filter paper. Each algal piece was weighed three times, and the
WW was accepted at the mean of the three measurements. The
average (±SEM) initial WW of the algae pieces was 20.71 ±
0.40 mg. The number of adherent microbeads and fragments,
respectively, was determined exemplarily for nine randomly
selected contaminated algal pieces each. The average
concentration of microbeads and fragments on contaminated
algae was 33.8 ± 2.1 and 22.6 ± 0.8 mg−1, respectively.
Periwinkles (average WW with shell: 3.98 ± 0.08 g) were

acclimated for 24 h without food to the experimental
temperature of 9 °C. The animals were separated into 100
mL vials each containing 65 mL of filtered seawater. Each
animal was offered two differently prepared algal pieces. In the
first assay (Assay 1), 18 individuals received algae with
microbeads and uncontaminated algae. In the second assay
(Assay 2), 17 individuals received algae with fragments and
uncontaminated algae. In the third assay (Assay 3), 20
individuals received algae with microbeads and algae with
fragments. The vials were covered with nylon gauze to prevent
the escape of the periwinkles but allow ventilation. For each
replicate, one control without grazer was run in parallel to
estimate the autogenic mass change of the algal pieces during

the experiment. The seawater was exchanged after 24 h. The
quantitative availability of a food item may influence the food
choice of an animal. Therefore, the algal pieces were controlled
visually twice a day (in the morning and in the evening) for
substantial tissue loss. An experiment was terminated earlier if a
periwinkle had consumed an estimated amount of almost 50%
of at least one algal piece. Depending on the feeding activity of
the periwinkles the feeding experiments were terminated after
24 to 72 h. Selected animals were deep frozen at −80 °C for
further histological investigations. The amount of algae
consumed by a periwinkle in each replicate was calculated as
I = [Ho · (Cf/Co) − Hf] where I = ingestion, Ho and Hf = initial
and final wet weight of the algal pieces offered to the
periwinkles, and Co and Cf = initial and final wet weight of the
control pieces.24 The specific per capita feeding rates were
normalized for a period of 24 h.

Microplastics in Digestive Organs and Fecal Pellets.
To prove ingestion of microplastics by periwinkles, we analyzed
the digestive organs of five animals by fluorescence microscopy
for the presence of microplastics. The deep frozen periwinkles
were thawed and carefully washed in clean water to remove
microplastics that may have adhered to the surface of the
animals. The shells were cracked with a nutcracker and
removed. The soft body as well as squash preparations made
from tissue samples of the gastric tract were inspected for
fluorescent microplastics. Additional animals were fed with
uncontaminated food and screened for microplastics in the
digestive organs as control for unintended plastic contami-
nation. Prior to the dissection of each snail, the dissecting
instruments as well as the working space were carefully cleaned
with freshwater to avoid contamination with particles from the
previous individual.
A total of seven periwinkles from Assay 3, which fed at least

25% of the contaminated food, were maintained individually in
filtered seawater for another 24 h. Fecal pellets released by
these individuals as well as fecal pellets from seven control
animals, which had been feeding on uncontaminated algae,
were collected. A total of ten randomly selected fecal pellets
from each individual were scanned externally for microplastics,
squashed, and analyzed again.

Statistical Analysis. We used model-building methods
based on Akaike Information Criteria (AIC) and hypothesis
testing approaches with the critical level of α = 0.05. The data
from the experiments on the adherence of microplastics to the
surface F. vesiculosus were tested for normal distribution and
homogeneity of variances using Kolmogorov−Smirnov test and
Levene’s test, respectively (Statistica 7.1, StatSoft Inc., Tulsa,
OK). Most of the data sets showed substantial deviation from
normal distribution and homogeneity of variances even after
applying transformations. Therefore, we used generalized least-
squares (GLS), a linear model-fitting technique that enables us
to control for variance heterogeneity and correlations among
replicate units.25,26 GLS was carried out using R software27 with
the package “nlme”.28 In experiment 1 (Exp 1), in a first step,
we fitted a model with and without different variance estimates
(varIdent function) using restricted maximum likelihood
(REML) and a one-way design (decontamination as factor);
the models were compared through AIC. Once the best error
structure was found, the effect of the decontamination was
tested using maximum likelihood (ML). In experiment 2 (Exp
2), a factorial model was fitted with “decontamination” as a
within-subject factor and “concentration level” as a between-
subject factor using the above procedure. In a first step, we

Table 1. Concentration of Microbeads (ml−1), Fragments
(ml−1), and Fibers (mg·ml−1) in Seawater Solution in Which
Algal Pieces Were Contaminated

type of microplastics concentration level experiment 1a experiment 2b

microbeads lowest 1.39 1.39
medium 27.84 27.84
highest 55.65 55.65

fragments lowest 1.10 1.10
medium 28.49 28.49
highest 56.95 56.95

fibers lowest 0.005 0.004
medium 0.015 0.014
highest 0.026 0.027

aExperiment 1: algae were contaminated with microplastics and
decontaminated. bExperiment 2: algae were contaminated with
microplastics, allowed to desiccate during simulated low tide, and
then decontaminated.
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compared models (fitted through REML) with different
variances across treatment combinations (varIdent function)
and with decontamination as the within-subject factor
(corCompSymm function) versus models with more simple
variance and correlation structure. In a second step, we tested
for the significance of the main factors and interaction term
(models were fitted through ML). In all cases, the model with
most complex error structure had the best fit (in all cases ΔAIC
≫ 10) and led to homogeneous distribution of normalized
errors (Figure S1−S4). The T3 procedure29,30 was applied for
pairwise comparison of means with unequal variances from
different concentration treatments. In Exp 2, multiple
comparisons of average particle densities at different concen-
tration treatments were done separately after contamination
and following subsequent decontamination. The effect of
decontamination in Exp 2 was tested for each type of
microplastics and at each concentration using paired t tests.
The significance level was adjusted accordingly by Bonferroni
correction.31

Consumption rates of the periwinkles on the two
simultaneously offered algal pieces in the choice-feeding assays
were compared by paired t test after a test for normal
distribution of the differences between the paired data
(GraphPad Prism 5.03, GraphPad Software, San Diego, CA).
We excluded replicates from the analysis in which the WW of at
least one algal piece was reduced by ≥50%, resulting in 11
replicates each in Assay 1 and 3, and 14 replicates in Assay 2.

■ RESULTS

Adherence of Microplastics to Seaweeds. Each of the
three types of microplastic adhered to the surface of F.
vesiculosus in Exp 1. Microbead densities on the algal surface
increased with the particle concentration in the seawater
(Figure 1A). The differences in the microbead densities on the
algal surfaces were significant (F2,57 = 8.61, p = 0.001): the
density at the lowest particle concentration was significantly
lower than at the medium concentration. The variance at the
highest particle concentration was extreme due to one
exceptionally high particle density on a single algal replicate.
Accordingly, the particle density at the highest concentration
did not differ significantly from the densities at the other
concentrations. When the outlier was excluded, the particle
density was significantly higher at the highest concentration
than at the lowest concentration.
The densities of attached polystyrene fragments differed

significantly between algae from different particle concen-
trations (F2,57 = 5.23, p = 0.008; Figure 1B). The fragment
density on the algal surface was significantly higher at the
highest concentration as compared to that at the lowest
concentration.
Fibers showed no continuous increase in particle density on

the algal surface with the concentration in the seawater (Figure
1C). Fiber densities on the algae were similarly low at the
lowest and the highest fiber concentration in the seawater but
significantly enhanced at the medium concentration (F2,57 =
4.04, p = 0.022).
The decontamination step in Exp 2 resulted in a significant

loss of adherent particles for all types of microplastics (Figure
2), but the loss depended on the initial concentration in water
(significant interaction term shown from likelihood ratio tests
in microbeads: LR = 10.61, p < 0.006; fragments: LR = 27.40, p
< 0.001; fibers: LR = 22.04, p < 0.001). Again, the density of

microplastics on the algae increased together with the particle
concentration in the seawater.
The microbead density was significantly lower at the lowest

concentration than at the higher concentrations (Figure 2A).
The decontamination reduced the average microbead density
by 55−75%. The loss in microbead density was significant for
algae exposed to the medium and the highest concentration but
not for algae from the lowest concentration. After decontami-
nation, the particle density was still higher on algae from the
highest concentration than on algae from the lowest
concentration.
Average densities of fragments on contaminated algae varied

significantly between the lowest concentration and the highest

Figure 1. Densities of (A) microbeads, (B) fragments, and (C) fibers
on pieces of F. vesiculosus that were contaminated with microplastic in
solutions of different particle concentrations and subsequently
decontaminated in clean seawater without microplastics. Boxes and
whiskers show median and 10−90 percentiles and outliers. Letters
above the abscissa display the result of multiple comparisons; particle
concentrations, which do not differ significantly, share the same letter.
n = 20.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b02431
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b02431/suppl_file/es5b02431_si_001.pdf
http://dx.doi.org/10.1021/acs.est.5b02431
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.est.5b02431&iName=master.img-001.jpg&w=198&h=441


concentration (Figure 2B). The decontamination reduced the
fragment density significantly by 67% on algae from the
medium concentration and by 49% on algae from the highest
concentration. For algae from the lowest concentration the
decontamination did not change the density of adherent
fragments. After decontamination, the fragment density still
varied between algae that were contaminated at different
particle concentrations.
The average fiber density on the algae was lowest at the

lowest particle concentration and highest on pieces that were
contaminated at the highest concentration (Figure 2C). The

fiber density varied significantly with the concentration in the
seawater. The decontamination caused a substantial loss of
fibers of 88−98% at all concentrations. After decontamination,
the fiber density was still lowest on algal pieces from the lowest
concentration but did not vary any more between algae from
the different treatments.

Uptake of Microplastics by L. littorea. In Assay 1, the
periwinkles consumed about twice as much algal material from
clean algae as from algae that were contaminated with
microbeads (Figure 3A). However, this difference was statisti-
cally not significant (t10 = 0.83; p = 0.423). Thus, the animals
did not clearly prefer the algae without microplastics.

Similarly, the animals did not distinguish between algae with
fragments and clean algae (t13 = 0.27; p = 0.792) in Assay 2
(Figure 3B). Overall, the consumption rate of the periwinkles
was low in this assay.
In Assay 3, the periwinkles consumed on average 6.3 times

more algae with fragments than algae with microbeads (Figure
3C). However, due to large variations in the feeding rates, the

Figure 2. Densities of (A) microbeads, (B) fragments, and (C) fibers
on pieces of F. vesiculosus that were contaminated with microplastic in
solutions of different particle concentrations. The particles were
counted after the contaminated algae were dried during a simulated
low tide and after a subsequent decontamination in clean seawater
without microplastics. Boxes and whiskers show the median and 10−
90 percentiles and outliers. Letters above the abscissa display the result
of multiple comparisons of particle concentrations on contaminated
(small letters) and decontaminated (capital letters) algal pieces;
concentrations, which do not differ significantly, share the same letter.
Asterisks denote concentration treatments at which decontamination
caused a significant loss of particles. n = 20.

Figure 3. Amount of F. vesiculosus consumed by L. littorea in choice
feeding assays. The periwinkles could choose between algae
contaminated with (A) microbeads and (B) fragments, respectively,
and clean algae without microplastics and (C) between algae
contaminated with microbeads or fragments. Error bars indicate
SEM; n = 11−14.
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difference was statistically not significant (t10 = 1.73; p = 0.113).
Accordingly, the animals did not clearly distinguish between
algae with different types of microplastics.
Analysis of Microplastics in Digestive Organs and

Fecal Pellets. After the removal of the shell, fluorescent
microplastics were already visible from external through the gut
epithelium of the periwinkle (Figure 4A). Additionally,
fluorescent microbeads were visible in squash preparations of
the stomach content (Figure 4B), the gut (Figure 4C), and the
fecal pellets (Figure 4D). Each of the five analyzed periwinkles
had fluorescent microplastics in the stomach and in the gut.
However, no fluorescent microplastics were found in squash
preparations of the digestive glands. Control animals, which
were fed with uncontaminated algae, were void of fluorescent
microplastics.
62 out of 70 fecal pellets (89%) from snails that fed on

contaminated algae contained fluorescent microplastics, where-
as no plastic particles were found in eight fecal pellets (11%).
Control animals, which were fed with uncontaminated algae,
had no fluorescent plastic particles in their fecal pellets.

■ DISCUSSION

Ingestion is a major reason for most physical and physiological
effects of microplastics on marine organisms.4,5 Accordingly,
identifying the mechanisms that facilitate the uptake of
microplastics by consumers is essential for understanding the
implications of microplastic pollution for marine ecosystems.
We showed that the benthic seaweed F. vesiculosus can retain
suspended microplastics on its surface, thereby making them
available for herbivorous consumers. The transfer of micro-
plastics from benthic primary producers to consumers may
represent a so-far underestimated pathway for the entry of
microplastics into coastal food webs.
The variation in particle concentration on the algae was high,

indicating variable aggregative and adhesive interactions
between microplastics and the surface of the seaweed. Mostly,

the amount of microplastics that adhered to F. vesiculosus
increased with the concentration of particles in the water. This
indicates that the association of the suspended particles with
the algae basically follows stochastic rules. Only the number of
fibers on the algal surface did not consistently correlate with the
particle concentration in the water, possibly due to the different
aggregative behavior of suspended fibers. The aggregative
behavior of the particles may have been influenced by their
buoyancy. Microbeads and fragments tended to sink to the
bottom of the vials, whereas the fibers mostly floated at the
surface (A.E. personal observation). The potential of seaweeds
to absorb suspended particles varies with their surface
morphology. Seaweeds with structurally complex thalli absorb
suspended particulate matter more efficiently than simple
filamentous algae.32 Accordingly, morphological features of F.
vesiculosus, such as surface depressions and hairs, may account
for the considerable variability in the number of adherent
microplastics among algal pieces, even if they were contami-
nated at similar particle concentrations.
The retention of particles is likely facilitated by a

polysaccharide-rich mucus layer on the algal surface.33,34 F.
vesiculosus secretes considerable amounts of mucus, which
reduces desiccation during tidal emergence and also prevents
colonization by epiphytes.35 Moreover, dehydration enhances
the strength and tenacy of mucus.36 Accordingly, it can be
expected that desiccation of algae during tidal emergence may
entail the stronger binding of microplastics to the algal surface.
However, after decontamination in clean seawater, the
microplastic density on the algae was not consistently enhanced
when the algae were first allowed to dry during the simulated
low tide. Experimental tidal desiccation tended to enhance the
retention of fragments at medium and high concentrations,
whereas microbeads at medium and high concentration as well
as fibers at medium concentration tended to be more abundant
on algal pieces that were not emerged and dried before
decontamination. In addition to retention by surface mucus,

Figure 4. Microplastics ingested by L. littorea. (A) Ventral view on the soft body of a periwinkle, with microbeads inside the intestines being visible
from external. Squash preparations of (B) stomach content and (C) gut and (D) fecal material. Arrowheads point at microplastics.
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electrostatic binding to cellulose was suggested to explain the
adherence of nanosized plastic particles to algae.13 In particular,
high densities of hydroxyl residues on plastic surfaces seem to
facilitate cell adhesion.37

Microplastics can release chemical compounds and additives
such as UV stabilizers, plasticizers, and flame retardants.38

Seaweeds efficiently take up and accumulate plastic additives
such as phthalates.39 Accordingly, microplastics adherent to the
surface of seaweeds may facilitate the transfer of hazardous
chemicals to algae and, thus, may act as a pathway for
contaminants to consumers.16

The periwinkles did not avoid food with microplastics. The
choice feeding assays showed that L. littorea did not distinguish
between algae contaminated with microplastics and clean algae
without microplastics. Moreover, the periwinkles did not
distinguish between algae with different types of microplastics.
Consequently, they may not recognize abiotic nonfood particles
in the submillimeter size range as deleterious. The perception
of microplastics in the food may depend on the particle
concentration. However, even the high concentrations in our
experiments, which were far above microplastic concentrations
reported from natural pelagic or benthic environments,10 did
not affect the feeding of L. littorea.
Other species are more sensitive to the presence of

microplastics in their food. For example, lugworms (Arenicola
marina) display reduced feeding activity when foraging in
sediments contaminated with microplastics.40 Similarly, plank-
tonic copepods consume less and smaller algae in the presence
of microplastics.41 Sea urchin larvae adjust their feeding activity
after several days to the presence of microplastics, indicating a
delayed response.42 It is possible that our experiments may
have been too short to affect the feeding of L. littorea.
Periwinkles that fed on contaminated algae showed micro-

plastics in the stomach and in the gut, clearly proving that the
particles were ingested by the animals. The occurrence of
microplastics in the fecal pellets indicates that microplastics do
not accumulate rapidly in the intestines. The majority of the
particles readily passes through the digestive tract and is egested
with the feces. A rapid egestion of microplastics has also been
described for other marine organisms. Sea urchin larvae egest
microplastics within a few hours after ingestion,42 whereas
sandhoppers entirely clean their guts of microplastics within 1
week.43

No microplastics were detected in the midgut gland of the
periwinkles, which is the principle organ of digestive enzyme
secretion and food resorption. In the stomach of L. littorea, a
ciliated “sorting area” is responsible for size fractionation of
ingested food items at the entrance to the midgut gland.44

According to their size, food items are forwarded either into the
midgut gland for resorption or to the gut for egestion as feces.
A complex system of tissue folds and ciliary currents separates
indigestible particles from the gastric fluid and transfers them to
the excurrent channel of the stomach, where they are
incorporated in fecal pellets.45 This fractionation process likely
prevents microplastics in the micrometer size range to enter the
midgut gland. In the opisthobranch Agriolimax reticulatus,
minute particles with a diameter of 2 μm do not pass into the
midgut gland but are removed by ciliary currents, even when
they reach the opening of the hepatic ducts.46 A similar
fractionation mechanism exists in the marine isopod Idotea
emarginata. Like many malacostracan crustaceans,47 isopods
possess a complex triturating system in the stomach with
spacing between filtering elements of <1 μm hindering

microplastics from entering the midgut gland.48 As in L.
littorea, microplastics do not accumulate in the digestive tract of
I. emarginata but pass the gut and are readily released with the
feces. It was suggested that the fractionation and discard of
microplastics may represent a morphological adaptation of
benthic macrophagous organisms to the common ingestion of
solid nonfood particles.48 Herbivorous gastropods such as L.
littorea likely ingest considerable amounts of nondigestible
particles such as sand grains and frustules of diatoms when
scraping the surfaces of lithogenic substrata and seaweeds with
the chitinous radula. Still, smaller particles may pass well
through internal filter systems of invertebrates. For example, 0.5
μm plastic microspheres have been detected in the midgut
gland and even in the hemolymph of shore crabs, Carcinus
maenes, that have been feeding on contaminated mussels,
Mytilus edulis,7 suggesting that plastic particles in the
submicrometer size range and even more so nanoplastics may
affect a much wider spectrum of organisms.49 This is of great
ecological significance because the continuous fragmentation of
plastics in the marine environment produces increasing
numbers of ever smaller particles.50

The adherence of microplastics to seaweeds and the
ingestion of contaminated seaweed by L. littorea provide a
vector for microplastics into marine food webs. Small
herbivores, such as L. littorina, are consumed by a great variety
of predators and are, thus, an important link in coastal food
webs from primary producers to higher trophic levels.51

However, our results indicate that ingested microplastics do
not accumulate rapidly inside the periwinkles but are
continuously egested. This may substantially reduce the risk
of trophic transfer of the particles from herbivores to their
predators especially at low microplastic concentrations in
seaweed habitats. Instead, microplastic-enriched fecal pellets
may represent an efficient vector for microplastics to
coprophagous organisms, especially in view of the enormous
amounts of fecal material produced by abundant herbivores in
dense seaweed canopies.52 Fecal pellets of herbivores are
nutritious53 and readily consumed by a variety of suspension-
and deposit-feeding organisms,54 thereby facilitating the
transfer of microplastics to consumers. Additionally, contami-
nated fecal pellets may be buried,55 thereby potentially
facilitating the long-term deposition and accumulation of
microplastics in sediments with unknown consequences on,
for example, benthic biogeochemical processes.
Some experimental issues hamper the generalization of our

results. For example, the chemical characteristics of micro-
plastics may influence their aggregative behavior as well as their
perceptibility for consumers. We have no information on the
chemical composition of additives and dyes in the microplastics
used in our experiments. However, the oceans are contami-
nated with a diverse mixture of different types of micro-
plastics,56 and it is impossible to satisfactorily cover this mixture
in an experimental study. Using microplastics consisting of
common polymers (polystyrene and polyacryl),57−59 with
variable shapes (microbeads, fragments, and fibers) and
different colors, we evaluated experimentally the potential for
seaweeds to act as a vector for microplastics into marine food
webs. Our results support the hypotheses that (1) microplastics
adhere to the surface of seaweeds and (2) mesoherbivores take
up microplastics along with contaminated seaweeds.
So far, benthic mesoherbivores have received only limited

attention in research on the effects of microplastics on marine
biota, possibly because the pathway for microplastics to this
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functional group of organisms was less obvious than for
suspension and deposit feeders. Our experimental study
revealed an efficient mechanism that may facilitate the uptake
of microplastics by benthic herbivores. Apart from L. littorea,
the indiscriminate uptake of microplastics has been shown for
few other consumers of seaweeds.43,48,58,59 However, the
specific role of seaweeds in transferring microplastics to
consumers was hitherto unknown. The significance of this
pathway surely depends on the microplastic load of seaweeds
under field conditions. Accordingly, rocky shores, seaweed
canopies, and associated consumers should be more intensively
considered in future research on the quantity and distribution
of microplastics in the marine environment.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.5b02431.

Figures showing the distribution of standardized errors
across microplastic concentration levels and different
types of microplastics and contamination and decon-
tamination treatments. (PDF)

■ AUTHOR INFORMATION

Corresponding Author
* Phone: 49-(0)471-48312220; fax: 49-(0)471-48311149; e-
mail: Reinhard.Saborowski@awi.de.

Author Contributions
All authors planned and designed the study and contributed
equally to the preparation of the manuscript. A.E. performed
the experiments and the lab work. L. Gimenez performed the
statistics. L. Gutow and R.S. supervised the research and wrote
significant parts of the manuscript.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors acknowledge valuable comments from various
reviewers that greatly improved the manuscript. This work was
carried out within the framework of the PACES II program of
the Helmholtz Association.

■ REFERENCES
(1) Van Cauwenberghe, L.; Vanreusel, A.; Mees, J.; Janssen, C. R.
Microplastic pollution in deep-sea sediments. Environ. Pollut. 2013,
182, 495−499.
(2) Eriksen, M.; Lebreton, L. C. M.; Carson, H. S.; Thiel, M.; Moore,
C. J.; Borerro, J. C.; Galgani, F.; Ryan, P. G.; Reisser, J. Plastic
pollution in the world’s oceans: more than 5 trillion plastic pieces
weighing over 250,000 tons afloat at sea. PLoS One 2014, 9, e111913.
(3) Woodall, L. C.; Sanchez-Vidal, A.; Canals, M.; Paterson, G. L. J.;
Coppock, R.; Sleight, V.; Calafat, A.; Rogers, A. D.; Narayanaswamy, B.
E.; Thompson, R. C. The deep sea is a major sink for microplastic
debris. R. Soc. Open Sci. 2014, 1, 140317.
(4) Lusher, A. Microplastics in the marine environment: distribution,
interactions and effects. In Marine Anthropogenic Litter; Bergmann, M.,
Gutow, L., Klages, M., Eds.; Springer, Berlin, 2015; pp 245−308.
DOI:10.1007/978-3-319-16510-3_10.
(5) Wright, S. L.; Rowe, D.; Thompson, R. C.; Galloway, T. S.
Microplastic ingestion decreases energy reserves in marine worms.
Curr. Biol. 2013, 23, R1031−R1033.

(6) Eriksson, C.; Burton, H. Origins and biological accumulation of
small plastic particles in fur seals from Macquarie Island. Ambio 2003,
32, 380−384.
(7) Farrell, P.; Nelson, K. Trophic level transfer of microplastic:
Mytilus edulis (L.) to Carcinus maenas (L.). Environ. Pollut. 2013, 177,
1−3.
(8) Setal̈a,̈ O.; Fleming-Lehtinen, V.; Lehtiniemi, M. Ingestion and
transfer of microplastics in the planktonic food web. Environ. Pollut.
2014, 185, 77−83.
(9) Taylor, R. B.; Cole, R. G. Mobile epifauna on subtidal brown
seaweeds in northeastern New Zealand.Mar. Ecol. Prog. Ser. 1994, 115,
271−282.
(10) Hidalgo-Ruz, V.; Gutow, L.; Thompson, R. C.; Thiel, M.
Microplastics in the marine environment: a review of the methods
used for identification and quantification. Environ. Sci. Technol. 2012,
46, 3060−3075.
(11) Scoffin, T. P. The trapping and binding of subtidal carbonate
sediments by marine vegetation in Bimini Lagoon, Bahamas. J.
Sediment. Petrol. 1970, 40, 249−273.
(12) Mudd, S. M.; D'Alpaos, A.; Morris, J. T. How does vegetation
affect sedimentation on tidal marshes? Investigating particle capture
and hydrodynamic controls on biologically mediated sedimentation. J.
Geophys. Res. 2010, 115, F03029.
(13) Bhattacharya, P.; Lin, S.; Turner, J. P.; Ke, P. C. Physical
adsorption of charged plastic nanoparticles affects algal photosynthesis.
J. Phys. Chem. C 2010, 114, 16556−16561.
(14) Roberts, D. A.; Johnston, E. L.; Poore, A. G. B. Contamination
of marine biogenic habitats and effects upon associated epifauna. Mar.
Pollut. Bull. 2008, 56, 1057−1065.
(15) Weis, J. S.; Weis, P. Transfer of contaminants from CCA-treated
lumber to aquatic biota. J. Exp. Mar. Biol. Ecol. 1992, 161, 189−199.
(16) Roberts, D. A.; Poore, A. G. B.; Johnston, E. L. Ecological
consequences of copper contamination in macroalgae: effects on
epifauna and associated herbivores. Environ. Toxicol. Chem. 2006, 25,
2470−2479.
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