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Plastic ingestion by marine biota has been reported for a variety of different taxa. In this study, we investigated
290 gastrointestinal tracts of demersal (cod, dab and flounder) and pelagic fish species (herring and mackerel)
from the North and Baltic Sea for the occurrence of plastic ingestion. In 5.5% of all investigated fishes, plastic par-
ticles were detected, with 74% of all particles being in themicroplastic (b5mm) size range. The polymer types of
all found particles were analysed bymeans of Fourier transform infrared (FT-IR) spectroscopy. Almost 40% of the
particles consisted of polyethylene (PE). In 3.4% of the demersal and 10.7% of the pelagic individuals, plastic in-
gestion was recorded, showing a significantly higher ingestion frequency in the pelagic feeders. The condition
factor K was calculated to test differences in the fitness status between individuals with and without ingested
plastic, but no direct effect was detected.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The ongoing littering of plastic has recently gained more and more
attention in the scientific community (Andrady, 2011) and politics
(Galgani et al., 2013). Since plastic waste is not biodegradable, its dura-
bility is uncertain and it may persist for even centuries (Andrady, 1994;
Barnes et al., 2009). Through the loss by inappropriate waste manage-
ment and dumping onshore and offshore, plastic debris often reaches
the marine environment where it may accumulate (Barnes et al.,
2009; Hammer et al., 2012; Thompson et al., 2009). Plastic debris may
drift for years and may degrade due to physical abrasion, weathering
and UV-radiation (Derraik, 2002; Klemchuk, 1990; Thompson et al.,
2004; Winslow et al., 1966). The ongoing degradation results in small
fragments (Thompson et al., 2004) called microplastics (particles
b5 mm, following the definition by Arthur et al. (2009)). Plastic parti-
cles are available for ingestion by a wide range of marine species as
studies on fur seals, seabirds, sperm whales and others demonstrated
(Azzarello and Van Vleet, 1987; de Stephanis et al., 2013; Eriksson and
Burton, 2003; Wright et al., 2013), but they may also enter the food
chain at lower trophic levels (Cole et al., 2013; Engler, 2012; Farrell
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and Nelson, 2013; Ryan et al., 1988). The ingestion of plastic is believed
to affect the condition of animals negatively by causing false feeling of
satiation or leading to internal blockage or lesion of the digestive tract
(Foekema et al., 2013; Ryan, 1988). Further, plastic ingestion maymod-
ulate the bioavailability of adhered, sorbed or additive chemicals (Chua
et al., 2014; Rochman et al., 2013, 2014; Teuten et al., 2009) but this
might be negligible compared to uptake through ambient water and
prey (Koelmans et al., 2014). Depending on the polymer density, plastic
debris may be positively, neutrally or negatively buoyant whichmay af-
fect the capability of ingestion by organisms (Eriksson and Burton,
2003; Lusher et al., 2013). Carpenter et al. (1972) reported the first dis-
covery of plastic ingestion by teleost fish and several subsequent studies
investigated the occurrence of plastic particles in fish (Boerger et al.,
2010; Choy and Drazen, 2013; Dantas et al., 2012; Jackson et al., 2000;
Jantz et al., 2013; Joyce et al., 2002; Possatto et al., 2011). Observations
of such ingestions in North Sea fish were made by Lusher et al. (2013)
and Foekema et al. (2013) in 36.5% and 2.6%, respectively of all investi-
gated fish. For the Baltic Sea, no systematic studies with focus on plastic
ingestion by fish exist and observations were only made occasionally
(Skóra et al., 2012). Prior to our main study, 30 Atlantic mackerels
(Scomber scombrus) were caught during sport fishing events at the
“Steingrund” around the island Helgoland in summer 2013. At least
10% of thefishes contained a striking amount of long, thick and coloured
synthetic fibres in the gastrointestinal tract (GIT) (Fig. 1). Motivated by
this observation, this studywas conducted to investigate the occurrence
of plastic ingestion by fish from theNorth Sea and Baltic Seawith special
focus on feeding-guild and species-specific differences. Besides the
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Fig. 1.Mackerels which were caught at Helgoland “Steingrund” during sport fishing hav-
ing ingested orange PE and PP fibres (i) (data not included in this study). Presumably, they
were taken up due to prey resemblance with juvenile Syngnathidae (ii). The fibres likely
originate from fishing gear.

Fig. 2. Sampling stations in theNorth Sea (a) and Baltic Sea (b). Abbreviations represent the annu
the North Sea (N), German Bight (GB) and Baltic Sea (B); black boxes: 367th cruise of FRV Wa
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reporting of plastic ingestion, we investigated potential effects on the
fishes' fitness status and characterized the plastic particles' polymer
types and geographical distribution.

2. Material and methods

2.1. Fish sampling

Previously mentioned observations on fibres in mackerels are not in-
cluded in the description of sampling and data analysis of the main
study since they were sampled and processed differently. For the North
and Baltic Sea survey, five different fish species were investigated.
Demersal fish species were the common dab Limanda limanda
(Linnaeus, 1758), the European flounder Platichthys flesus (Linnaeus,
1758) and theAtlantic codGadusmorhua (Linnaeus, 1758). The Atlantic
herring Clupea harengus (Linnaeus, 1758) and the Atlantic mackerel
Scomber scombrus (Linnaeus, 1758) were the two pelagic species inves-
tigated. Samples from the station Helgoland “Tiefe Rinne” (Fig. 2, a red
box) were taken during cruises with the research vessel “Uthörn” on
the 19th of June and 24th of July 2013. All other samples were taken
during the 367th cruise of the fisheries research vessel Walther Herwig
III (WH III) between the 30th of August and 11th of September 2013.
ally visited standard sampling stationsusedby the Thünen Institute of Fisheries Ecology in
lther Herwig III; red box: cruises with RV Uthörn at “Tiefe Rinne” (TR).
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Fish were caught at five study stations each in the North and the Baltic
Sea (Fig. 2 a, b) by means of bottom or pelagic trawling. If possible, 30
fish including at least 15 demersal and 15 pelagic specimens were
taken per station (detailed information see Table 1 in Supporting
Information (SI)). A total number of 290 fish were investigated (North
Sea n = 148; Baltic Sea n = 142). We recorded the fish's total length
(measured to the cm below) and the gutted weight to estimate the fit-
ness status of all fish. On-board, the total GITswere removed and stored
in sample bags at−40 °C for subsequent analysis in the laboratory.
2.2. Analysis in the laboratory

The frozen GIT was rinsed from the outside with distilled water to
prevent cross-contamination. After cutting the thawed GIT open, the
gut content was scraped out using a scalpel and suspended in distilled
water. To minimize the turbidity for subsequent visual observation,
we size-separated the suspension using a sieve of 500 μm mesh size.
The fraction b500 μm was not investigated in this study since this
would require a different protocol described elsewhere (Löder et al. in
preparation). During visual observation of the N500 μm fraction under
the stereomicroscope, we separated all potential plastic particles; still,
if particles b500 μm diameter were present in the N500 μm fraction
they were also included in the counts. We adopted the criteria for iden-
tification of potential synthetic materials from Noren (2007). The parti-
cles polymer type was identified applying attenuated total reflectance
(ATR) (Tensor 27 spectrometer equipped with a Platinum ATR device
by Bruker Optics; IR-spectrum 4000–400 cm −1) and focal plane array
(FPA) based micro FT-IR spectroscopy (Hyperion 3000 FT-IR micro-
scope by Bruker Optics; IR-spectrum 3200–1250 cm−1). The polymer
type identification was done by comparing absorbance spectra to a ref-
erence spectra library applying the software OPUS 7.2 (Löder et al.,
2015). We recorded the size, colour and shape (fragment, film, fibre or
spherule) of all verified particles. Precautionary steps to prevent con-
tamination of samples by microscopic material included wearing lab
coat (100% cotton) and gloves, cleaning of instruments and dishes
with ethanol and verifying the absence of contaminating microplastics
on the dissecting set under the stereomicroscope prior to the analyses
(Remy et al., 2015; Sanchez et al., 2014). Further, we covered the sam-
ples with aluminium foil or a glass lid when possible. The shape catego-
ry “fibre” was only recorded after thorough comparison with the
controls (see section below), since considerable amounts of fibres in
the samples were identified as background contamination originating
from ambient laboratory air.
Table 1
Fish data from the North Sea and Baltic Sea: species composition, sample size, average guttedwe
ingestion as individual counts and percentages.

Location Species Sample
size (n)

Sampling station

Total North Sea Cod 7 TR,
Dab 74 GB1, N01, GB3, GB4, TR
Flounder 16 GB1, TR
Herring 13 GB3, TR
Mackerel 38 GB1, N01, GB3, TR
All species 148

Total Baltic Sea Cod 74 B01, B11, B10, B13, B09
Dab 15 B01
Flounder 20 B11, B10
Herring 20 B10, B13
Mackerel 13 B01, B11
All species 142

Total North Sea and Baltic Sea Cod 81 TR, B01, B11, B10, B13, B09
Dab 89 GB1, N01, GB3, GB4, TR, B01
Flounder 36 GB1, TR, B11, B10
Herring 33 GB3, TR, B10, B13
Mackerel 51 GB1, N01, GB3, TR, B01, B11
All Species 290
2.3. Controls

To estimate the quantity of background contamination from ambi-
ent laboratory air, we simulated the processing of GITs (dissection, fil-
tration and observation under the stereomicroscope) for 10 individual
procedural blank controls using distilled water. Furthermore, ambient
air samples were taken with focus on contaminating synthetic fibres.
In ambient air and procedural blank controls the length, diameter and
colour of detected contaminating fibres were recorded. Together,
these results were compared to the fibres detected in environmental
samples which were only recorded if the particle differed distinctively
from the controls. To exclude false positives, we analysed referencema-
terial from the ship (i.e. vessel coating, fishing gear) and laboratory
equipment (e.g. gloves, instruments) applying FT-IR spectroscopy.
2.4. Statistical analysis

To test for significant differences in the uptake of plastic particles be-
tween demersal and pelagic fish a Wilcoxon rank sum test was applied
using R 3.2.0. This test was also conducted in R to assess differences in
the number of plastic particles ingested by fish between the North Sea
and Baltic Sea. Differences between groups were considered significant
if p b 0.05. To investigate a possible effect of plastic ingestion on the fit-
ness or physical condition of a fish, we calculated Fulton's condition fac-
tor (CF) K (Nash et al., 2006) (see formula below) for all fish. For each
species, the median K value of the individuals with and without plastic
ingestion was calculated.

K ¼ W

L3
� 100

K Fulton's CF
W gutted weight (g)
L vital length (cm)

Maps and diagrams were generated using the software Ocean Data
View 4.5.7 (ODV) and the software package GraphPad PRISM V6.04,
respectively. For detailed information concerning fishing, fish data and
plastic particles see SI (Tables SI 1– 4).
ight (W) and vital length (L)with respective standard deviation and corresponding plastic

Avg W
(g)

Stdev W
(g)

Avg L
(cm)

Stdev L
(cm)

Ind. with ingested
plastic

Overall % of ind. with
ingested plastic

45 14 18 2 0 0
108 29 23 2 4 5.4
256 107 28 4 0 0
102 33 23 2 0 0
172 45 28 2 5 13.2

9 6.1
448 172 38 7 1 1.4
98 19 22 1 0 0

299 91 32 13 2 10.0
58 16 21 2 0 0

245 88 30 2 4 30.8
7 4.9

413 200 37 7 1 1.2
106 28 22 2 4 4.5
280 99 29 4 2 5.6
75 32 22 2 0 0

191 66 28 2 9 17.7
16 5.5



Fig. 3.Detected particles, research vessel coating and fibres, fromGIT samples whichwere
identified as false positives. Consequently, theywere excluded from the total counts of de-
tected plastics. a, b: Red and green particles ofWH III coating with largest cross-section of
approximately 1.2mmand0.2mm, respectively; c, d: blue and redfibres approximately of
about 1.7 mm and 1.8 mm length, respectively.
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3. Results

3.1. Controls

Eight particles in the shape of fragments, mostly green or red, were
identified as residues of coating of the research vessel WH III (Fig. 3 a,
b). Consequently, these eight particles were excluded from the total
counts of detected plastic particles. They were found in the gut content
and had a size range of a 200 μm up to 2.2 mm. During the analyses of
fish GIT samples we detected more than 160 prevailing blue and black
fibres in the size range of approx. 150 μm up to 3 mm length and 5–
30 μm in diameter (Fig. 3 c, d). The ten individual procedural blank
controls showed fibres in a similar distribution of colour and size as
Fig. 4. Frequency of individuals (%) having ingested zero, one, two or three plastic particles gro
both graphs. a: Ingestion of plastic particles was significantly higher in pelagic species (10.7%)
frequency of plastic ingestion across different species. The highest ingestion rate was observed
the fibres detected in the field samples. Furthermore, in the ambient
air samples, similar observations concerning small coloured fibres
were made. The determination of absorption spectra of these particular
small fibres applying micro FT-IR resulted in very weak spectra due to
the small fibre diameter and did thus not lead to material identification.
Consequently, detected fibres from the fish samples similar to the ones
described above were excluded from the total counts of fibres andwere
considered as background contamination. Only fibres that differed in
length and/or diameter from the fibre background contamination
were counted as environmental microplastics.

3.2. Plastic ingestion by marine fish

In the North Sea and Baltic Sea survey, a total amount of 23 plastic
particles were detected in the GITs of sampled fish. Plastic ingestion oc-
curred in 16 individuals (5.5%) out of 290 investigated, whereas the fre-
quency differed between demersal and pelagic fish species (Table 1).
Out of 206 sampled demersalfish, seven individuals (3.4%) had ingested
oneplastic particle, resulting in amean number of 0.03+/− 0.18 plastic
items (mean and S.D.) per fish. No demersal individual was detected
having ingested more than one particle (Fig. 4 a). With 16 plastic
items detected in nine out of 84 sampled fish, the pelagic feeders
displayed amean number of 0.19+/− 0.61 items per fish. This resulted
in a plastic ingestion frequency of 10.7% of all pelagic fish investigated in
this study (Fig. 4 a). Pelagic feeding species ingested a statistically signif-
icant higher amount of plastic particles than bottom feeding species
(W= 8001.5, n = 290; p b 0.05).

Species-specific counts of fish that had ingested at least one plastic
particle were one cod, four dabs, two flounders and nine mackerels
that had ingested at least one plastic particle (Fig. 4 b). Three individual
mackerels had ingested two particles while up to three items could be
recorded for two individuals. No plastic particle was detected in the di-
gestive tract of herring. With more than 17% of all investigated individ-
uals, mackerel displayed the highest frequency of ingestion across all
species (Table 1). Due to a low sample sizes of species statistical analy-
ses on differences in ingestion frequencies were not possible. The
median K values of fish that had and had not ingested plastic debris
did not differ significantly for any of the species. However, the two
flounders that had ingested plastic particles showed a lower CF (median
K=0.96) than the other individuals that had not (median K=1.1). For
a single cod which had ingested a large rubber strap (Fig. 5), a low CF
(K=0.65) was recorded, while the median of the CF of cod individuals
that had not ingested plastic was K = 0.74.
uped according to their feeding habitats (A) or at species level (B). Legend is applicable to
than in demersal species (3.4%) with p b 0.05 (*) (W= 8001.5, n= 290, p = 0.0112); b:
for the species mackerel (17.7%) while herring was not affected.



Fig. 5. A cod hauled at sampling station B09 in the Baltic Sea, Gdańsk Bay, which had
ingested a 5 cm× 50 cm rubber strap seen below the individual. Crumbled up, the rubber
strap filled the entire stomach.

Fig. 6. Size, colour and shape of all detected plastic particles and the geographical distribu-
tionwith individual counts of identified polymer type. a: Nearly 74% of all detected plastic
particleswere in themicroplastic size range (dotted line represents the 5mmmicroplastic
threshold). Prevailing colours were white, clear, black and blue; fragments made up over
50% of all particles shape. b: In the North Sea and Baltic Sea, the total amount of detected
plastic particles was thirteen and ten, respectively. Stations TR and B01 showed the
highest detection rates, while polyethylene (PE) and polyamide (PA) were the prevailing
polymer types identified by means of Fourier transform infrared (FT-IR) spectroscopy.
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3.3. C Characterization, polymer types and geographical distribution of
plastic particles

3.3.1. Characterization
The smallest detectedmicroplastic particlewas 180 μmat the largest

cross-section. A rubber strap of 50 cm length detected in a cod was the
largest and most distinct macroplastic particle detected in this study
(Fig. 5). Six macroplastic particles and 17 microplastic particles were
detected overall. Thus, nearly 74% of the detected particles were
microplastics. Two of the macroplastic particles were fibres of ten and
20 mm length, respectively. The remaining four particles were frag-
ments, with three of them barely exceeding the 5 mm threshold. In
the different shape categories, 13 fragments represented themajor pro-
portion of plastic particles with more than 50%. The most frequent col-
ours of synthetic polymers detected in fish were clear and white, with
six and four particles, respectively. This observation is followed by five
blue and four black particles, while the remaining single particles
displayed a yellow, green, red or brown colour (Fig. 6 a).

3.3.2. Polymer types and geographical distribution
A total of 54 potential plastic particles were visually pre-sorted from

the gut content. Of these, 23 particles were verified as synthetic poly-
mers by means of FT-IR spectroscopy which results in a 40% hit-rate.
Eight different polymer types could be identified (Fig. 6 b). Nine plastic
items of polyethylene (PE) were recorded (approx. 40%). Five particles
(22%) were detected as polyamide (PA), while three particles of
polypropylene (PP) were found (approx. 13%). Two particles were ver-
ified as polystyrene (PS). One particle each of the polymer type
polyethylenterephtalate (PET), polyester (PEST), polyurethane (PU)
and rubber were detected. The remaining 31 non-synthetic particles
consisted of mostly chitin, keratin as well as unidentified material. The
two innermost stations TR in the North Sea and B01 in the Baltic Sea
showed the highest frequency of plastic ingestion with seven detected
particles each (Fig. 6 b). No significant difference between the
occurrence of plastic particles in the GIT of fishes from the North Sea
(13 particles) and the Baltic Sea (10 particles) could be determined
(W=10.386, n=290, p=0.667). Further, no pattern in the spatial dis-
tribution of polymer types was obvious.

4. Discussion

4.1. Controls

Due to theuse of controls,we could exclude a false positive detection
of small coloured particles identified as vessel coating and of smallfibres
possibly originating from ambient air (Fig. 3 a–d). Post-capture inges-
tion (net feeding) may pose serious bias problems in dietary studies,
often falsifying subsequent analysis of gut contents (Lancraft and
Robinson, 1980). In this study, we assume that net feeding occurred oc-
casionally during hauling. Red and green fragments of vessel coating
probably got scraped from the hull during net hauling. Other studies
excluded net feeding also due to mesh size (Davison and Asch, 2011),
but still we consider it as a possible source of contamination or at least
a possible source of falsification. After excludingmost of the fibres as po-
tential contamination, the major share of particles were fragments. In
other studies, small fibres dominated with up to over 68% of all identi-
fied plastic items (Lusher et al., 2013). Our observations concerning
high amounts of fibres and the subsequent identification as background
contamination is also in accordance with other scientists, e.g. Foekema
et al. (2013). These findings are reinforced by similar detections of
also mainly blue and black fibres identified as background contamina-
tion by Davison and Asch (2011) and Nuelle et al. (2014). Remy et al.
(2015) identified the majority of fibres detected in a litter macrofauna
community as artificial fibres (i.e. viscose) and not petrochemical
based synthetic fibres by means of Raman spectroscopy. Raman spec-
troscopy facilitates the measurements in the sub-micron size range
(Löder and Gerdts, 2015; Löder et al., 2015). The micro-FT-IR spectros-
copy approach we used does not allow for the measurement of struc-
tures below 20 μm. Due to this fact a comparison of our results with
the results of Remy et al. (2015) is not possible. However, our exclusion
of the majority of fibres might be a conservative approach and could
thus underestimate actual numbers. Summarizing, we point at the
existing problem of cross- and background contamination, wherefore
special precautions such as working at a clean bench are recommended
in future studies.
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4.2. Plastic ingestion by fish

The uptake of small positively or neutrally buoyant particles (e.g.
density PE = 0.92–0.97 g/cm3; PA = 1.01–1.18 g/cm3) by mackerels
probably occurs accidentally during normal feeding activity (Lusher
et al., 2013). In contrast, the casual detection of numerous fibres in
the samples taken during recreational sport fishing at Helgoland
“Steingrund” (Fig. 1) leads to the assumption that thesefibresweremis-
taken as prey while feeding on Syngnathidae since these are part of a
mackerel's diet (van Damme and Couperus (2008), personal communi-
cation M. Janke (2013)). The fibres (here PE and PP with densities
b1 g/cm3) drift passively at the sea surface and concentrate at small
scale accumulation zones (created by wind, currents and seawater den-
sity gradients); the same has been observed sometimes for the juvenile
Syngnathidae around Helgoland. Mackerels are opportunistic feeders
that can ingest prey either by individual selection of organisms or by
passive filter feeding (Pepin et al., 1988). The detected coloured fibres,
probably originating from fishing gear of commercial fisheries, look
like juvenile Syngnathidae that hatch in the period between May and
August (Edwards et al., 2011) (Fig. 1). The detection of two or three par-
ticles in a single individual could indicate that mackerel (or other filter
feeding fish) may be more vulnerable to ingest plastic than other ma-
rine fish species due to its unselective filter feeding behaviour and/or
due to its feeding habitat, mainly the pelagic zone and sea surface,
where floating or neutrally buoyant plastic particles may be available
for ingestion. Herring, an unselective filter feeder, did not show any
plastic ingestion, however most of the digestive tracts were empty.
Their stage of maturity was about spawning, where herring reduces
the feeding activity (Damme et al., 2009; Rijnsdorp, 1990; Wilkins,
1967). In contrast a flatfish, such as flounder, feeds with the mouthful
of mud and sandwhich is sifted through the gill rakers to obtain the in-
fauna (Summers, 1980). High amounts of sediment were detected in
both flatfish species, dab and flounder, thus, plastic particles mixed in
the sediment may be taken up accidentally while feeding (Claessens
et al., 2011). The large rubber strap found in cod was probably resulting
from unselective opportunistic feeding behaviour since cod feeds “on
anything or almost anything” (Brook, 1886). Foekema et al. (2013) ob-
served the highest frequency of plastic ingestion in cod (13% of exam-
ined individuals), yet we detected only a single individual having
ingested plastic. Another survey found no difference in the amount of
ingestion when comparing all pelagic (38% with ingestion) and demer-
sal (35%with ingestion) species (Lusher et al., 2013)while we observed
a statistically significant differencebetween both groups. The evaluation
of the amounts of detected plastic particles remains difficult since gut
content analyses are ‘snapshots’ of the recently ingested food and liter-
ature for further comparison ismissing. The amount of affectedfishmay
change over time sincemarine plastic underlies a large spatial and tem-
poral heterogeneity (Ryan et al., 2009).

4.3. Effects of plastic ingestion

Little is known about the effects of plastic ingestion on fish andmost
of the recent studies focused on plastic detection in the digestive tract
solely, but the further impact remains unclear (Choy and Drazen,
2013; Davison and Asch, 2011; Lusher et al., 2013; Possatto et al.,
2011; Ramos et al., 2012; Sanchez et al., 2014). For the species cod we
detected a slightly lower CF in the individual that had ingested a large
fragment compared to the unaffected individuals. Regurgitation of the
large rubber strap was probably not possible due to the size of the frag-
ment and the way it was stuck in the stomach. The low individual CF
could result from a prolonged period of starvation ofwhich likely the in-
dividual would have died sooner or later, as a result of internal blockage
by the rubber strap. Further, during a potential delay of the evacuation
time, additives and chemicals sorbed to the plastic may hypothetically
also leach out for a prolonged period of time. We conclude that plastic
pieces of this size represent a serious threat to fishes if ingested. A
mechanical threat by microplastics such as abrasions in the gut is not
likely to occur since undigested entire mussel shells found in dab and
flounderwould certainly be excreted as awhole. Therefore, we consider
an accumulation of microplastics in the gut of adult flatfish as unlikely.
Flounder that had ingested microplastics had a lower CF than individ-
ualswithout ingested plastics. Butwe argue that the sample sizewas in-
sufficient to confirm the hypothesis that microplastic ingestion reduces
the energy status of a fish. In this study, no direct effects of microplastic
ingestion on the condition of fish could be determined. The measure-
ment of plastic-related mortality remains difficult because disabled or
dead animals are likely to be consumed by predators or decompose rap-
idly (Laist, 1987), hence, they remain undetected by our sampling
method applied.

4.4. Characterization of plastic

The verification of potential plastic particles applying ATR and FPA
based micro FT-IR spectroscopy or a similar identification technique is
essential for the generation of reliable data. In this study, the IR spec-
troscopy facilitated a robust quantification of plastic particles. Previous
studies verified visually pre-sorted particles only sporadically by spec-
troscopy techniques or even all particles were classified as synthetic
polymers by applying the visual criteria for identification solely
(Anastasopoulou et al., 2013; Foekema et al., 2013). This could lead to
an overestimation of detections and is of limited confidence considering
our 40% hit rate. Further, as a result of the exclusive analyses of the
N500 μm fraction we most likely underestimated the total amount
of microplastic particles, as potentially an unknown number of
microplastics remained in the b500 μm fraction. The remaining 60%
non-plastic particles in the analysed fraction most likely originated
from crustacean exuviae (chitin), bird feathers (keratin) or other organ-
ic material. The analysis of plastic characteristics does not lead to the
presumption of colour- or size-specific preferences by fish of plastics
as prey items. Moreover, the particle properties reported here reflect
amounts of plastic production demand (PlasticsEurope, 2012, 2013),
and common litter compositions regarding polymer type, shape, colour
and size and are comparable with other studies, even with those from
different parts of the globe (Davison and Asch, 2011). Nine (in the
North Sea) and seven (in the Baltic Sea) affected individuals in our
study reveal comparable incidences of ingestion in both seas especially
with respect to similar sample sizes (Table 1). Still, these results can
only be seen indicatively because species-specific sample sizes were
low and species composition at each sampling station was heteroge-
neous (see SI Tables 3, 4). Both seas are commercially important and
many European states border these waters. Hence, we argue that the
discharge of plastic debris by anthropogenic activity is likely to be of
similar magnitude in North Sea and Baltic Sea. For the North Sea, i.e.
the Jade system of the southern North Sea, higher amounts of plastic
particles in surface waters were reported when compared to data
from the Baltic Sea (Dubaish and Liebezeit, 2013; Noren, 2007). Howev-
er, this resultmight be due to different sampling techniques. In the pres-
ent study, the highest plastic ingestion frequencies were recorded at the
most nearshore stations TR in the North Sea and B01, Kiel Bight, in the
Baltic Sea (Fig. 6 b). This is consistent with earlier studies that reported
higher plastic abundance in coastal waters than in offshore waters,
which is most likely due to land-based human activities as the major
source of plastic in the marine environment (Barnes et al., 2009;
Browne et al., 2011, 2010; Collignon et al., 2012; Desforges et al.,
2014; Dubaish and Liebezeit, 2013). To our knowledge, this study docu-
ments the first plastic ingestions by cod, flounder and mackerel in the
Baltic Sea, indicating that the Baltic Sea should be under a similar
focus as other marine regions. One incidental detection of plastic in
the Baltic Sea (Gdańsk Bay, close to station B09) was reported for the
twaite shade Alosa fallax (Clupeidae) (Lacépède, 1803) by Skóra et al.
(2012). In conclusion, the present study demonstrated the occurrence
of plastic ingestion by fish from the North and Baltic Sea with special
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focus on polymer verification to determine robust ingestion frequencies
and possible background contamination. Potential effects need to be
seen indicatively since individual sample sizewas low. Long-term expo-
sure experiments targeting the potential bioaccumulation and toxicity
of plastic associated pollutants need to be addressed in future studies.
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