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ABSTRACT: Now that microplastics have been detected in
lakes, rivers, and estuaries all over the globe, evaluating their
effects on biota has become an urgent research priority. This is
the first study that aims at determining the effect thresholds for
a battery of six freshwater benthic macroinvertebrates with
different species traits, using a wide range of microplastic
concentrations. Standardized 28 days single species bioassays
were performed under environmentally relevant exposure
conditions using polystyrene microplastics (20−500 μm)
mixed with sediment at concentrations ranging from 0 to
40% sediment dry weight (dw). Microplastics caused no effects
on the survival of Gammarus pulex, Hyalella azteca, Asellus
aquaticus, Sphaerium corneum, and Tubifex spp. and no effects
were found on the reproduction of Lumbriculus variegatus. No
significant differences in growth were found for H. azteca, A. aquaticus, S. corneum, L. variegatus, and Tubifex spp. However, G.
pulex showed a significant reduction in growth (EC10 = 1.07% sediment dw) and microplastic uptake was proportional with
microplastic concentrations in sediment. These results indicate that although the risks of environmentally realistic concentrations
of microplastics may be low, they still may affect the biodiversity and the functioning of aquatic communities which after all also
depend on the sensitive species.

■ INTRODUCTION

Microplastics, defined as plastic particles with a size <5 mm,1

have been detected in both terrestial and aquatic ecosystems.2

While their abundance and distribution in the marine
environment have been found to be of great importance and
have been covered already for a decade, their presence in
terrestial and freshwater ecosystems is only recognized more
recently.2−4 Nevertheless, a wide range of microplastics has
been identified at different concentrations in water and
sediment samples from lakes, rivers, and estuaries all over the
globe.2−4

Key factors influencing the fate and transport of microplastics
in freshwater systems are the type of aquatic system, as well as
the climate conditions and plastic sources in the area.4−6

Moreover, microplastic properties such as size, density or
shape, have a direct effect on the processes of biofouling and
aggregation, affecting the sedimentation and resuspension of
particles and, thus, the abundance of microplastic in the water
column and sediments.4−6 In fact, particle size has been found
to strongly affect the presence of microplastic hotspots along
river sediments, indicating that sediments can act as a sink for
microplastics.5 Recent data shows that the Rhine river contains
the highest microplastic concentrations detected in all fresh-

water bodies studied. Concentrations up to 4000 particles kg−1

or 1 g kg−1 (dw) were recorded in the German Rhine river
shore sediments, with the smallest microplastic fraction (63−
630 μm) being the most abundant in numbers.7 In the Dutch
area, up to 4900 particles kg−1 (dw) were accounted in the
suspended particulate matter, in which 30% of the particles had
a size between 10 and 300 μm and 70% were bigger.8

Understanding the interaction between microplastics and
biota in freshwater systems has been identified as a high priority
research need4 and there is a general agreement on the idea that
an effect assessment should be performed to evaluate the risk of
exposure to microplastics.9 This is especially important in the
case of freshwater benthic organisms, that seem to have a
higher risk of exposure due to the sinking of microplastics onto
sediments.5 Previous studies have indeed demonstrated that
microplastics are taken up from sediments by freshwater
species10−15 and that the capacity of freshwater invertebrates to
ingest microplastics depends on their feeding type.15 Moreover,

Received: October 19, 2017
Revised: January 13, 2018
Accepted: January 16, 2018
Published: January 16, 2018

Article

pubs.acs.org/estCite This: Environ. Sci. Technol. 2018, 52, 2278−2286

© 2018 American Chemical Society 2278 DOI: 10.1021/acs.est.7b05367
Environ. Sci. Technol. 2018, 52, 2278−2286

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

pubs.acs.org/est
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.7b05367
http://dx.doi.org/10.1021/acs.est.7b05367
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


this uptake was related to a decrease in the growth of
Gammarus fossarum exposed to poly(methyl methacrylate)
(PMMA) and polyhydroxybutyrate (PHB) microplastics.12

Also, a reduction in the growth and reproduction of Hyalella
azteca was found after the exposure to polyethylene (PE)
microplastics.11 However, no effects were reported on the
survival, molting, metabolism and feeding activity of Gammarus
pulex after the uptake of polyethylene terephtalate (PET)
microplastics.14 Microplastic uptake did not cause any effects
on the marine isopod Idotea emarginata16 but did cause weight
loss and a reduced feeding activity for the marine lugworm
Arenicola marina.17−19 No or limited effects have also been
found for other marine invertebrates.20,21 This suggests that
benthic macroinvertebrates are affected by the presence of
microplastics but also that the susceptibility could be species
specific.
Current studies have mainly focused on the ingestion of

microplastics;3 however, the quality, reliability, and usability of
the few ecological effect data published have been put into
question.22,23 The use of nonstandardized laboratory bioassays
and unrealistic exposure scenarios hinders the understanding of
the risks associated with microplastics.9,22,23 Furthermore, it
remains unclear if adverse effects are caused by a physical
impact of the particles themselves, by chemical toxicity or by a
combination of both.2 Moreover, an effect assessment for
microplastics should aim at detecting the effect thresholds for
traditional end points in ecotoxicology (i.e., LC50 or EC50),
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and for this, sufficient doses and replication are needed in order
to fit dose−response models, which are commonly used in
chemical risk assessment.9

In the present study we aim at determining the effect
thresholds for a battery of freshwater benthic macroinverte-
brates with different species-specific traits, using a wide range of
microplastic concentrations. Standardized 28 days single species
bioassays were performed under environmentally relevant
exposure conditions using polystyrene (PS) microplastics
(20−500 μm) mixed with sediment at concentrations ranging
from 0 to 40% plastic in sediment dw. We did not aim to assess
chemical effects as this has been dealt with in many earlier
studies, for example, refs 18, 19, and 24, and because it has been
argued recently that chemical risks of microplastics should be
separated from risks associated with physical effects.9 We are
not aware of earlier studies systematically assessing microplastic
effect thresholds for a range of organisms. Effects of PS
microplastics on mortality and growth were assessed for six
benthic freshwater macroinvertebrates: Gammarus pulex,
Hyalella azteca, Asellus aquaticus, Sphaerium corneum, Lum-
briculus variegatus, and Tubifex spp. Effects of PS microplastics
on feeding activity was also assessed as feeding rate for G. pulex,
H. azteca, and A. aquaticus and as egestion rate for Tubifex spp.
and L. variegatus. Moreover, for G. pulex and H. azteca, the
presence of PS microplastics in the faecal pellets and in their
bodies after 24 h defeacation was asessed in order to investigate
if the differences in the effects caused by the exposure to
microplastics on both species were related with their ingestion
and egestion mechanisms. For all end points, environmentally
relevant exposure conditions were simulated by using natural
sediments and by including the highest concentration found in
a freshwater sediment. Polystyrene, ground to a wide and
environmentally relevant range of sizes and shapes, was
considered as a fair approximation to assess the physical effects
of “environmental microplastics”.7 After all, polystyrene density
matches that of the average environmental microplastic5,25 (see

calculation in Supporting Information (SI) Table S1) and
polymer density has limited impact on physical effects. Any
potential additives present were removed from the micro-
plastics to eliminate any ambiguity concerning what caused the
effect of the particles.

■ MATERIALS AND METHODS
Microplastics. Irregular polystyrene fragments were

provided in a powdered form by Axalta Coating Systems
GMBH (Cologne, Germany). Particle size distribution (PSD),
measured with a Mastersizer 3000 (Malvern Instruments),
revealed an unimodal distribution spanning from 20 to 500 μm,
with a modus centered at 229 μm in volume and 36 μm in
number (SI Figure S1). To remove additives present, if any, the
microplastics were washed with methanol three times, shaken,
filtered with a 20 μm metal sieve and dried for at least 2 days in
a fume hood at room temperature. Polymer identity and purity
were confirmed with FTIR spectrometry (Nicolet iN10,
ThermoFisher) and particle shape was confirmed with an
Olympus SZX10 stereomicroscope (Figure S2, SI).

Test Organisms. Species selected were the amphipods
Gammarus pulex (Linnaeus, 1758) and Hyalella azteca
(Saussure, 1858), the isopod Asellus aquaticus (Linnaeus,
1758), the bivalve Sphaerium corneum (Linnaeus, 1758), and
the worms Lumbriculus variegatus (Müller, 1774) and Tubifex
spp. (Lamark, 1816). These species are common members of
freshwater communities, are often used in laboratory experi-
ments and differ in their living and feeding strategies, as well as
in their sensitivity to environmental pollutants.26−28 G. pulex,
H. azteca, and A. aquaticus are regarded as being mainly
shredders, whereas S. corneum is classified as a facultative
suspension feeder. S. corneum is an epibenthic species that lives
and feeds on the sediment, whereas G. pulex and H. azteca are
also active swimmers. L. variegatus and Tubifex spp. are both
endobenthic deposit feeders, with L. variegatus regarded as a
bulk feeder while Tubifex spp. exhibits selectivity in its feeding
behavior.29

Following previously published procedures,27,30 G. pulex, A.
aquaticus, and S. corneum were collected from an unpolluted
brook (Heelsum, The Netherlands), a ditch (Heteren, The
Netherlands) and a pond (Renkum, The Netherlands),
respectively. H. azteca and L. variegatus were obtained from
Wageningen Environmental Research (Wageningen, The
Netherlands) and Tubifex spp. were obtained from a local pet
shop. Prior to the experiments, organisms were acclimatized for
2 weeks in aerated buckets with copper-free Dutch Standard
Water (DSW) inside a water bath at 16 ± 1 °C while
maintaining a 12:12 light:dark cycle. During the acclimatization,
G. pulex, A. aquaticus, and H. azteca were fed with dry poplar
leaves that were collected in the field and S. corneum, L.
variegatus, and Tubifex spp. were fed with TetraMin fish food
pellets.

Sediments. Freshwater sediments were collected from a
noncontaminated ditch in Veenkampen (Wageningen, The
Netherlands) using a standard dip net. Background concen-
trations of ∑PAH and ∑PCBs were factors of >8 and >70
below toxicity thresholds,27 whereas heavy metals were below
negligible risk levels according to Dutch sediment quality
criteria (SI Table S2). Sediments were passed over a 2 mm
sieve, homogenized and placed in a freezer to kill any organisms
present and to preserve the total organic matter (TOM)
content. Prior to the experiments, sediments were thawed and
homogenized again. Four representative subsamples were taken
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to determine the % TOM through loss on ignition (3 h, 550
°C), which was 31.6% ± 3.5 (n = 4).
Experimental Design. Bioassay experimental units con-

sisted of 750 mL glass beakers filled with 211 g of wet sediment
and 300 mL of copper-free DSW. Polystyene microplastics
were added to the sediment to obtain eight final uniform
concentrations of 0, 0.1, 1, 5, 10, 20, 30 and 40% plastic weight
in the total sediment mixture. Concentrations ranged from
environmentally relevant (0−1% plastic weight in sediment
dw) to very high concentrations, to evaluate dose−response
relations and to maximize the chance of accurately detecting the
effect threshold.9 Four replicates of each concentration were
made, except for H. Azteca, for which only three replicates were
made and for which the concentration of 5% was excluded.
Beakers with the suspension of sediment and PS were manually
shaken to overcome the energy barrier to settling due to the
surface tension (if any), after which particles settled within 48
h. Two weeks prior to the start of the experiment, beakers were
placed in a water bath at a constant temperature of 16 ± 1 °C
and accommodated with aeration.
At the start of the experiment, 11 randomly selected

individuals were placed in their corresponding beakers. The
size range of G. pulex, A. aquaticus, and S. corneum was between
4 and 7 mm and for H. azteca between 1 and 3 mm. Active
adult worms with an average wet weight of 3.2 and 12.4 mg per
worm were selected for Tubifex spp. and L. variegatus,
respectively. The starting length and weight of 44 randomly
selected individuals from the initial population were assessed.
During the experiments, two poplar leaves discs with a diameter
of 3 cm were supplied to the beakers of G. pulex, A. aquaticus,
and H. azteca at day 0 and 14. Poplar leaves discs were
previously conditioned with DSW for 3 days. For S. corneum, a
TetraMin suspension of 0.5 mg per individual per day was
added every 3 days. No additional food was needed for L.
variegatus and Tubifex spp. due to the high organic matter
content of the sediment. Dissolved oxygen (DO), pH,
temperature, conductivity, and NH3 were measured in at least
one replica of each concentration at day 0, 3, 7, 14, 17, 21, 24,
and 28. To keep water levels constant, DSW was added weekly
until the end of the experiment. Water quality variables
remained constant in all beakers along the experiment (Table
S3, SI), except for the treatments with Tubifex spp. and L.
variegatus where pH approached values below the recom-
mended limits (6−9) at day 14 and 24, respectively.31 This was
solved by replacing 100 mL from the surface water layer in the
bioassay by fresh DSW. On average, the measured temperature
was 16 ± 0.3 °C, pH was 7.3 ± 0.5, oxygen concentration was
8.9 ± 0.2 mg/L and conductivity was 477 ± 45 μS/cm. Un-
ionised levels of ammonia decreased along the experiment for
all species, reaching an average of 0.002 ± 0.001 mg NH3/l at
the end of the experiment. All un-ionized ammonia levels were
always below the LC50 values available for these species.

26,32−34

Mortality and Growth. After 28 days, each system was
sieved and the surviving organisms were collected, counted and
transferred to clean DSW water to depurate their gut for 24 h.
Thereafter, G. pulex, A. aquaticus, and S. corneum were
preserved in ethanol 80% and their length was measured:
shell length of S. corneum, body lengh of A. aquatics, and head
capsule (HD in mm) of G. pulex from which total length (TL)
was calculated as TL = −2.07 + 9.82 HD.35 Growth was
determined as the difference in mean length (in mm) of the
animals in each replicate at the end minus the mean length
from 44 animals at the start of the experiment. For H. azteca, L.

variegatus, and Tubifex spp., growth was measured as a
difference in dry weight (in mg) of the population at the
start and at the end of the experiment.

Feeding Activity of G. pulex, H. azteca, A. aquaticus, L.
variegatus, and Tubifex spp. Feeding rates: The feeding rate
(mg dw leaf/organism/d) of G. pulex, H. azteca, and A.
aquaticus was calculated from the loss of the added poplar
leaves using the following equation:36

= × −
×+( )

L Cl L

t
FR

(( 1 ) 2)
Li Li1 2

2 (1)

where L1 is the initial and L2 the final dry weight of the Populus
sp. disc (mg), Li1 and Li2 are the numbers of living organisms
at the start and at the end of the experiment (Li1 = 11
individuals), Cl is the leaching-decomposition correction factor,
calculated by dividing the initial dry weight by the final dry
weight of the leaves in the control sample; and t is the
incubation time (days).
Egestion rates: The egestion rate of L. variegatus and Tubifex

spp. was assessed in a separate 15 day bioassay experiment
following Leppanen and Kukkonen (1998)37 assuming that the
weight of the faecal pellets represents the feeding rate of
worms.38 Another batch of experimental systems was made
following the same procedure as for the mortality and growth
tests but now only three concentrations were prepared (0, 0.1,
and 40%) in quadruplicate. After 2 weeks of acclimatization
(with aeration, in a water bath at 16 ± 0.3 °C, with 12:12
light:dark cycle) to promote settling of particles, five active
worms were added to these bioassays. When all organisms
appeared to be buried in the sediment, a sand layer of 2 mm
thickness and with a particle size between 0.5−1 mm was
added. The egested pellets of the organisms were collected with
a pipet at day 2, 5, 7, 12, and 15 for L. variegatus and at day 1, 5,
7, 12, and 15 for Tubifex spp. The collected faecal pellets were
kept at 5 °C until they were filtered with GF/F 0.7 μm glass
filters and dried at 60 °C for 48h and weighed.23 At the end of
the experiment, worms were gathered and placed in clean DSW
water to clear their gut content for 24 h. Finally, wet weight
(ww) and dry weight (dw) (heating at 60 °C for 48 h) were
determined per replicate. The egestion rate was calculated as
the amount of faeces produced per worm per hour (mg dw per
worm per h). No mortality occurred during the 15 day
experiment.

Ingestion, Retention and Egestion of Polystyrene Micro-
plastic by G. pulex and H. azteca. The presence of
microplastics in bodies of G. pulex and H. azteca and in their
faecal pellets was checked at the end of the 28 day bioassays.
Samples were digested with 30% H2O2 and incubated at 60 °C
in a water bath for 48 h39 following a protocol modified from
Claessens et al. (2013). Afterward, samples were filtered
through 25 mm Anodisc inorganic filter membranes of 0.2 μm
pore size, which were dried in an oven at 50 °C for at least 48 h
and analyzed with a micro-Fourier transform infrared
spectrophotometer (μ-FTIR; Nicolet iN10, ThermoFisher)
with a single MCT- detector and ultrafast stage. Following
Mintenig et al. (2016),40 four predetermined and equally sized
chemical maps covering one-third of the total filter area were
made using an aperture size of 50 × 50 μm and mapping stage
step sizes of 20 μm. A correlation map between the analyzed
area and the spectra from the original PS microplastic sample
was made with the OMNIC PICTA Software to determine
identity, number and size of the ingested and excreted particles.
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The number of microplastics in the body of the organisms
(retained microplastics) and the number of particles found in
their faecal pellets (egested microplastics) were calculated for
each treatment replicate. Organisms and faecal pellets from the
1% treatment, as well as one replica of the 30% treatment, were
used to optimize the extraction of microplastics and, therefore,
their data were omitted from further analysis. Organisms from
four control beakers (exposed to sediment without PS
microplastics) were used as blanks and were also checked for
the presence of any microplastics, which were considered as
contamination. The numbers of particles found in controls for
the retained and egested particles were subtracted from the
numbers of particles found in each replica of each PS treatment,
and were 0.10 and 0.6 particles per organism, respectively.
Ingestion and egestion data were expressed on a microplastic

particle number as well as on a weight basis, per unit of weight
of organism and sediment. Microplastic number concentrations
were directly taken from the FTIR mapping data. Weight based
data require a number to weight conversion, for which we used
an approximated volume of the particles, and the default
density of PS (1.05 g/cm3).41 The approximate volumes
(length × width × depth) of the PS microplastic fragments
were calculated as follows. First it was assumed that the
particles would prefer a flat position on the filter, such that their
length and width dimensions directly measurable from the 2D
map top view, each are larger than the third (depth) dimension,
which is not observable from the 2D maps. This unknown third
dimension was assumed to be the smallest and was thus
approximated as half of the second dimension. We emphasize
that this method is not accurate for individual particles, but
becomes robust when it concerns larger numbers of our
irregularly shaped particles where the distribution of the third
(depth) dimension can be assumed to be symmetrical. The dry
weight (DW in mg) of the organisms of G. pulex was estimated

based on their lengh (L in mm) as DW = 0.00321 × L2.8309.42

The number of particles per gram of sediment was calculated
from the mass of PS per dose, PS density and the measured
particle volume distribution (SI Figure S2).

Data Analysis. Survival data as quantal data were analyzed
using generalized linear model (GLMs) with a binomial
distribution and probit model.43 One-way analysis of variance
(ANOVA) and regression analysis were used to evaluate the
effects of increasing microplastic concentrations in sediment on
the growth, feeding rate and microplastic retention and
egestion. Normality of the residuals and homogeneity of
variances were tested with a Shapiro-Wilk Normality test and
Levene’s test, respectively. Repeated measures (RM) ANOVA
was used to determine the effects on the egestion rate over
time. All statistical data analyses were conducted using SPSS 23
(IBM Corp., NY). When a significant effect on an end point
was found, a four parameter log−logistic dose−response model
was fitted;44

= + −

+ ( )
f x b c d e c

d c
( , , , , )

1 x
e

b

(2)

with f(x,b,c,d,e) is the bioassay response variable, x is the
microplastic concentration, e is the median effect dose (EC50)
and b,c,d are fitting parameters. In case parameter c was zero,
eq 2 was reduced to a three-parameter model.44 The s.d. of the
EC50 was calculated as the 95% confidence interval (CI95)
divided by 1.96, where CI95 was calculated according to Draper
and Smith (1981).30,45 The EC10 was calculated by solving the
parametrized response model for a 10% effect dose.

■ RESULTS AND DISCUSSION
Mortality. Mortality of L. variegatus could not be

determined due to their reproduction by fragmentation during

Figure 1. Mean mortality (±SD) for G. pulex (A), A. aquaticus (B), S. corneum (C), H. azteca (D), Tubifex spp. (E); and reproduction factor of L.
variegatus (F) after a 28 day exposure to PS microplastic concentrations ranging from 0 to 40% in sediment dw.
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the experiment. As the average number of surviving worms per
replicate in controls was increased by a factor of at least 1.8, the
reproduction factor could be calculated as the number of
worms at the end of the experiment divided by the number of
worms at the beginning of the experiment.31 Survival for the
other species was higher than 80% in controls, except for G.
pulex, for which the average survival was 66%.
Chronic exposure to PS microplastic concentrations up to

40% in sediment dw caused no significant mortality in G. pulex,
A. aquaticus, S. corneum, H. azteca, and Tubifex spp. (Figure
1A−E), and no significant effects were found on the
reproduction of L. variegatus (Figure 1F). Same lack of effects
on mortality has been reported in earlier studies with benthic
macroinvertebrates exposed to microplastics. For instance,
survival of the freshwater amphipods G. pulex and H. azteca
were not affected by the exposure to PET and PE microplastics,
respectively.11,14 Furthermore, no mortality was reported for
the marine isopod Idotea emarginata exposed to PE, PS, and PA
(polyamide) microplastics and the marine lugworm A. marina
exposed to PE microplastics.19

Growth. The effect of PS microplastic concentrations on the
growth of the organisms was assessed as a difference in length
(in mm) for G. pulex, A. aquaticus, and S. corneum, and as a
difference in dry weight (in mg) for H. azteca, Tubifex spp. and
L. variegatus (Figure 2). One-way ANOVA and regression
analysis showed no relation between PS microplastic
concentrations in sediment and the growth of A. aquaticus, S.
corneum, H. azteca, L. variegatus, and Tubifex spp. However,
individuals of G. pulex exposed to sediment containing high
microplastic concentrations (from 10 to 40%) showed a
significant reduction in size compared to controls (ANOVA, p-
value = 0.002). The fit of the log−logistic model (eq 2) was
highly significant (p-value = 2.27 × 10−4) and resulted in a EC50
value of 3.57% sediment dw (±3.22) and an EC10 value of

1.07% (SI Figure S3). The rather high uncertainty (reflected
through the SD) in the EC50 value reflects the rather high
variability among replicates. These outcomes reveal that a
chronic exposure to PS microplastic results in a species specific
and dose-dependent effect of PS microplastics on the growth of
the benthic macroinvertebrates tested. However, while the
growth of G. pulex was significantly reduced with increasing PS
microplastic dose in sediment, the growth of the five other
organisms was not altered by the presence of these particles at
concentrations up to 40% plastic in sediment dw. Hence, the
EC10 values for these species are higher than 40% plastic in
sediment dw. Growth inhibition of G. pulex by a chronic PS
microplastics exposure from sediment has not been reported
before. However, chronic exposure of a closely related
freshwater shrimp, G. fossarum, to poly(methyl methacrylate)
(PMMA) and polyhydroxybutyrate (PHB) microplastics in
water caused a decrease in growth at a concentration of 100 000
microplastics particles per individual with a similar size range.12

H. azteca, another amphipod in the present study, showed no
reduction in growth after a 28 day exposure to PS microplastic
concentration up to 40% in sediment. In contrast, a previous
study showed a decrease in the growth of H. azteca after a 28
day exposure to PE microplastics in water at concentrations of
5000 and 10 000 PE microplastic particles per mL.11 Such
differences between study outcomes may relate to (a)
differences in the exposure medium, as the presence of natural
particles seems to reduce the ingestion of microplastics in
freshwater invertebrates,15 and (b) to a higher bioavailability of
particles in suspension as compared to particles mixed in the
sediment as in the present bioassays. No effects were found on
growth for the marine isopod I. emarginata exposed to PE, PS,
and PA microplastics in water,16 while weight loss of the marine
lugworm A. marina was reported at concentrations of 7.4% PS
microplastics18 and >5% uPVC microplastics in sediment dw.17

Figure 2. Mean growth (±s.d.) as length (in mm) of G. pulex (A), A. aquaticus (B), S. corneum (C); and as dry weight (in mg) of H. azteca (D),
Tubifex spp. (E) and L. variegatus (F) after a 28 day exposure to PS microplastic concentrations ranging from 0 to 40% in sediment dw.
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Feeding Activity. Feeding rate of G. pulex and H. azteca
was calculated as the dry weight (in mg) of Populus sp. leaves
consumed per organism per day (SI Figure S4). No differences
were found on the feeding activity of G. pulex and H. azteca
after a 28 day exposure to PS microplastic concentrations up to
40% in sediment dw (SI Figure S4). These results are in
accordance with Weber et al., 2018, where no effects on the
feeding activity of G. pulex were found after an exposure to PET
microplastics in water.14 These findings indicate that weight
loss of G. pulex was probably not caused by a reduction in the
consumption of Populus sp. leaves during the experiment and
that the presence of microplastics in the sediment did not alter
the feeding rate of these benthic amphipods. Similarly, while
the growth of G. fossarum was reduced after a 28 day exposure
to PMMA and PHB particles, the feeding rate was also
unaffected.12

The egestion rate of L. variegatus and Tubifex spp. was
assessed as the dry weight of the faeces egested (in mg) per
organism per h over a 15 day period (SI Figure S5). At the end
of the experiment, all L. variegatus and Tubifex spp. survived
and no reproduction was observed in the additional 15 day
period experiment. The egestion rate of L. variegatus increased
during the first week of exposure and then decreased until the
end of experiment, whereas the egestion rate for Tubifex spp.
increased over time until the end of experiment (SI Figure S5).
The average egestion rates of L. variegatus and Tubifex spp.
were 0.43 and 0.32 mg dry faeces per mg dry organism per h,
respectively, and this difference was significant along the
sampling time (RM ANOVA, p-value < 0.05). However,
microplastic exposure had no negative effect on the egestion
rate of the worms and the interactive effect between
microplastic exposure and sampling time was also not
significant.
Ingestion, Retention, and Egestion of Microplastic. At

the end of the 28 day exposure to PS microplastics, organisms
of G. pulex and H. azteca were allowed to clean their gut for 24
h. Remaining faecal pellets as well as the body of the organisms
were checked for microplastics, separately. No microplastics
were found in the body nor in the faecal pellets of H. azteca at
any concentration, indicating that these organisms did not
ingest microplastic particles in the size range of 20−500 μm PS.

This is consistent with the lack of effect found for this species in
the present 28 day exposure test.
In contrast to H. azteca, PS microplastics were found at all

concentrations in the body of G. pulex, as well as in their faecal
pellets after a 24 h depuration time. Size frequency distribution
of the microplastics found in the body of all organisms (n =
191) ranged from 22 to 165 μm, with an average size of 61 μm
(SI Figure S6A). The size frequency distribution of the
microplastics found in the faeces (n = 840) ranged from 16 to
165 μm, with an average size of 57 μm (SI Figure S6B).
Microplastics with a size >165 μm accounted for only <0.01%
of the total amount (in number) and were considered to
originate from an external source of microplastics (i.e., particles
attached to the external body of the organisms), and were
removed from the analysis. The total amount of ingested
particles (retained + egested) (n = 1031) ranged from 16 to
165 μm, with an average size of 58 μm (SI Figure S6C).
A linear regression revealed a significant, positive relation

between the number of microplastics inside the body of G.
pulex and the number of microplastics in the sediment exposure
medium (linear regression, n = 23, p-value 6.65 × 10−8; Figure
3A). One of the concentrations was designated as an outlier
(Iglewics and Hoaglin’s robust test) which was not taken into
account in the subsequent determination of the regression
parameters. A linear relationship was also found when mass-
based concentrations were used (linear regression, n = 23, p-
value = 3.97 × 10−7, Figure 3B).
There was also a significant, positive relation between the

number of PS microplastics in the faeces egested by G. pulex
and the number of PS microplastics in sediment (linear
regression, n = 23, p-value 6.63 × 10−06) (SI Figure S7A).
Similarly, the weight of PS microplastics egested per organism
dw (g kg−1) also increased linearly with the weight of the PS
microplastics in sediment dw (g kg−1) (linear regression, n =
23, p-value = 4.9 × 10−07) (SI Figure S7B).
These data show that up to a concentration of 40%, uptake

by G. pulex (Figure 3) is proportional to the concentration in
the sediment, either expressed as number or as mass. Given the
demonstrated proportionality between exposure and uptake,
the slope of the line in Figure 3A and B can be interpreted as
trophic transfer factors (TTF) with a value of (4.47 ± 0.35) ×
10−11 (TTFnumber; Figure 3A) and (10.5 ± 1.3) × 10−3

Figure 3. Mean PS microplastic concentration (n = 4) per individual of G. pulex (±SD) as a function of the PS microplastic concentrations in
sediment, as (A) number of PS microplastics retained per organism by number of PS microplastics per kg of sediment dw; (B) g kg−1 of PS
microplastics retained per organism dw by g kg−1 of PS microplastics per sediment dw. Linear regressions were based on the individual data points (n
= 22) with omission of one suspected outlier (orange marker).
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(TTFmass; Figure 3B). The TTF represents the ratio of the
microplastic concentration in the organism and that in the
sediment exposure medium, which appears to be constant up to
40% sediment dw. These TTF values are low, which can be
explained by the fact that only a limited part of the size range in
the sediment is actually taken up, that is, the TTFs
mechanistically reflect transfer and size selection. When
corrected for the 165−500 μm biounavailable fraction, pure
estimates of net transfer are obtained, being TTF = (5.16 ±
0.40) × 10−11 (number) and 0.028 ± 0.0036 (mass). As
previously stated for other freshwater amphipods exposed to
microplastics, our results indicate that growth reduction of G.
pulex was a sublethal effect caused by a lower ability of these
organisms to assimilate food due to the ingestion of PS
microplastics,11,12 as well as by the gut blockage by these
particles due to a longer excretion time needed to depurate
their gut.11 Therefore, the observed constancy and magnitude
of TTF may still change over time. Based on microplastic
excretion studies performed with other freshwater amphipods
exposed to different microplastic types,11,12 G. pulex is expected
to be able to completely depurate if enough time is given and if
the ingestion of particles concludes. These findings indicate
that microplastic uptake is size-dependent and that shape might
affect the ability of organisms to excrete them. This is in
accordance with previous studies showing that microplastic
uptake by freshwater invertebrates is size- specific and feeding
type dependent and that irregularly shaped microplastics need a
significant longer clearance time in comparison to spherical
microplastics.11,15 Moreover, the high mobility of G. pulex46

could have increased microplastic uptake in comparison to the
other epibenthic species, revealing the importance of species
specific traits in the effects of microplastics on benthic
invertebrates.

■ GENERAL DISCUSSION
We showed that for a range of freshwater species with different
traits exposed to PS microplastics in sediment under the same
environmentally relevant conditions, no effect was found for
five out of six species even at extremely high concentrations
(40% sediment dw). Only for one of the species, G. pulex, a
significant reduction in growth was found, which is likely to be
explained by the demonstrated size-selective uptake of PS
microplastics and their slow excretion, leading to a depletion of
energy reserves as found earlier for marine worms as a result of
microplastic ingestion.17 As mentioned earlier, our wide range
of PS particle sizes and shapes can be considered as a fair
approximation of environmental microplastics when it concerns
their physical effects. Field measured concentrations in
freshwater sediments2−4,7,8 although often provisional due to
methodological limitations, are far below the calculated EC10 or
EC50 effect threshold values for G. pulex. This means that
extrapolating these results to the environment leads to small
chances of such physical effects, and consequently low current
risk for the benthic community of freshwater systems. However,
microplastic concentrations are expected to increase in the
environment,47 which implies that effects are not unthinkable in
the future. Finding high effects thresholds for most species does
not rule out risks on the level of biodiversity or on community
functioning, as these also depend on the performance of the
most sensitive species, here G. pulex. In fact, G. pulex plays a
key role in the processing of coarse particulate organic matter
in streams,48 is an important prey for fish,49 and its feeding
inhibition has shown to alter the benthic macroinvertebrate

community,36 which means that responses at community and
ecosystem levels could occur over time. Eventually, the
combination of effect threshold data in species sensitivity
distributions may represent a more refined approach as part of
a higher tier in the assessment of physical effects of
microplastics.9 Moreover, for G. pulex we demonstrated
ingestion to be proportional to dose and we introduced the
concept of TTF accumulation factors for microplastic, which
may be useful in exposure assessments. If the observed
ingestion behavior would be confirmed to be general among
benthic invertebrates, uptake and exposure models may rely on
using constant ingestion rates or steady state TTFs for a wide
range of microplastic concentrations in sediments.
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