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• Low to medium microplastic (MP)
levels in the river Elbe

• Much higher MP abundance in sedi-
ments compared to the water phase

• Decreasing levels of MP in sediments
over the course of the river

• Higher polymer diversity in sediments
compared to the water phase

• Industrial emissions possibly causedMP
hotspots
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Freshwater
Aquatic ecosystems are globally contaminatedwithmicroplastics (MP). However, comparative data onMP levels
in freshwater systems is still scarce. Therefore, the aim of this study is to quantify MP abundance in water and
sediment of the German river Elbe using visual, spectroscopic (Fourier-transform infrared spectroscopy) and
thermo analytical (pyrolysis gas chromatography mass spectrometry) methods. Samples from eleven German
sites along the German part of the Elbe were collected, both in the water and sediment phase, in order to better
understand MP sinks and transport mechanisms. MP concentrations differed between the water and sediment
phase. Sediment concentrations (mean: 3,350,000 particles m−3, 125–5000 μm MP) were in average
600,000-fold higher than water concentrations (mean: 5.57 particles m−3, 150–5000 μm MP). The abundance
varied between the sampling sites: In sediments, the abundance decreased in the course of the river while in
water samples no such clear trend was observed. This may be explained by a barrage retaining sediments and
limiting tidal influence in the upstream parts of the river. Particle shape differed site-specifically with one site
having exceptionally high quantities of spheres, most probably due to industrial emissions of PS-DVB resin
beads. Suspended MP consisted predominantly of polyethylene and polypropylene whereas sediments
contained a higher diversity of polymer types. Determined MP concentrations correspond well to previous re-
sults from other European rivers. In a global context, MP levels in the Elbe relate to the lower (water) to middle
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section (sediment) of the global range of MP concentrations determined for rivers worldwide. This highlights
that elevated MP levels are not only found in single countries or continents, but that MP pollution is an issue of
global concern.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
Table 1
Geographical information about the Elbe sampling sites.

Site (abbreviation) Elbe km Geo-Longitude Geo-Latitude

Wittenberg (WB) 216.4 12.6151 E 51.8629 N
Dessau (DS) 261.4 12.2191 E 51.8563 N
Havelberg (HB) 422 12.0766 E 52.8234 N
Wittenberge (WE) 454.9 11.7456 E 52.9904 N
Dömitz (DM) 507 11.2091 E 53.1443 N
Geesthacht (GH) 584.5 10.3586 E 53.4297 N
Elbstorf (ET) 589 10.2909 E 53.4261 N
Hafenstraße (HS) 623.5 10.0391 E 53.5290 N
Lühemündung (LM) 645.5 9.6350 E 53.5727 N
Hollerwettern (HW) 681.4 9.3487 E 53.8270 N
Vogelsand (VS) 746.3 8.4876 E 53.9670 N
1. Introduction

Microplastics (MPs) have been investigated for over 45 years espe-
cially in the marine environment (Bergmann et al., 2015; Carpenter
et al., 1972; Cole et al., 2011), but only in recent years research has
also started to focus on freshwater environments (Dris et al., 2015b;
Wagner and Lambert, 2018). With regard to European rivers, previous
studies have investigated MPs in the catchments of the rivers Rhine
(Heß et al., 2018; Klein et al., 2015; Leslie et al., 2017; Mani et al.,
2015, 2019), Danube (Heß et al., 2018; Lechner et al., 2014), Weser
(Heß et al., 2018), Antuã (Rodrigues et al., 2018), Meuse (Leslie et al.,
2017), Seine (Dris et al., 2015a), Rhône (Faure et al., 2015) as well as
smaller rivers and tributaries in the United Kingdom (Blair et al.,
2019; Horton et al., 2017; Hurley et al., 2018; Tibbetts et al., 2018). Fur-
thermore, Leslie et al. (2017) and Schmidt et al. (2018) published
first data on MP contamination in canals of large European cities
(Amsterdam, Berlin).

In recent publications, reportedMP concentrations in European river
water varied distinctively ranging from 0.03 (Mani et al., 2019) to
187,000 particles (p) m−3 (Leslie et al., 2017). MPs in river water also
obtained a broad range of shapes including spheres, fibres, fragments
and foilswith varying relative abundances. In theRhine and theDanube,
Heß et al. (2018) mostly detected fibres and fragments in the water
phase, whileMani et al. (2015, 2019) and Lechner et al. (2014) predom-
inantly foundMP spheres. In regard to MP polymer types, polyethylene
(PE), polypropylene (PP) and polystyrene (PS) predominated in the
river water (Heß et al., 2018; Mani et al., 2015, 2019; Schmidt et al.,
2018).

In European river sediments, reportedMP concentrations ranged be-
tween 18 (Rodrigues et al., 2018) and 72,400 p kg−1 sediment (Hurley
et al., 2018) with fragments, fibres and spheres being most abundant
(Blair et al., 2019; Horton et al., 2017; Hurley et al., 2018; Klein et al.,
2015; Leslie et al., 2017; Rodrigues et al., 2018; Tibbetts et al., 2018).
Polymer type composition in the sediments was more diverse than in
thewater comprising polymer types such PE, PP and PS, but also polyvi-
nyl chloride (PVC), polymethyl methacrylate (PMMA) and dye particles
(Horton et al., 2017; Klein et al., 2015; Tibbetts et al., 2018).

MP pollution, both in the water and sediments of European rivers,
has been related to multiple pollution sources. Urbanization has been
discussed as one major cause of MP pollution in European rivers
(Mani et al., 2015; Schmidt et al., 2018; Tibbetts et al., 2018), including
pollution both from industry (Mani et al., 2015) as well as land run-offs
(Horton et al., 2017). Further, Heß et al. (2018) pointed out that small
and medium-sized rather than large rivers obtain high MP levels.
Inflowing tributaries and rivers could thus be a relevant MP source for
larger rivers (Klein et al., 2015). Wastewater treatment plants
(WWTP) are another relevant MP source, although the extent of their
importance needs further clarification (Mani et al., 2015; Leslie et al.,
2017; Schmidt et al., 2018). Finally, also meteorological and hydrody-
namic events may strongly impact MP levels in European river systems
(Hurley et al., 2018; Schmidt et al., 2018).

These previous results demonstratewell thatMP is an abundant pol-
lutant in freshwater systems across Europe. However, despite the rela-
tively large number of publications, it remains difficult to draw
conclusions on the MP distribution in European rivers as most studies
investigatedMPs only in one specific compartment, that is the riverbed,
the water phase or the shoreline. Only two studies included data onMP
concentrations both in the water and the sediment phase (Leslie et al.,
2017; Rodrigues et al., 2018). However, in these studies MP
concentrations were reported using incomparable units that hamper a
direct comparison of MP levels in riverine water and sediment. Further,
none of the two studies reported compartment-specific data on MP
polymer type distributions.

We approached this knowledge gap by analysing the spatial distri-
bution of MPs in the water and sediment phase in the German part of
the large European river Elbe. We chose to study the Elbe as it is an im-
portant Germanwaterwaywith industrial zones and large cities such as
Hamburg. Our data, thus, adds to the knowledge on MP concentrations
in large European rivers. Water and sediment samples were taken at
eleven sites along the river course from the Middle Elbe to its estuary.
We analysed MPs in the water (150–5000 μm) and the sediment
phase (20–5000 μm)using visual identification aswell as analytical ver-
ificationwith pyrolysis gas chromatography coupled tomass spectrom-
etry (pyr-GC–MS) and attenuated total reflection Fourier-transform
infrared spectroscopy (ATR-FTIR). To enable a comparison between
compartments andwith previous studies,we provided results in several
units.
2. Materials and methods

2.1. Study site

The Elbe is a 1091 km long river with its source in the Giant Moun-
tains in the Czech Republic. From there, it passes through eastern and
northern Germany, before it discharges into the North Sea. The Elbe ob-
tains a total catchment area of 148,268 km2with 96,932 km2 located on
German state territory. The Elbe is separated into the Upper Elbe
(source to Castle Hirschstein, river km 369.92–96 (km 369.92–0 being
located on Czech state territory, km0–96kmonGerman state territory),
the Middle Elbe (Castle Hirschstein to barrage at Geesthacht, river km
96–585.9) and the Lower Elbe (barrage at Geesthacht to the border of
the North Sea at Cuxhaven-Kugelbake, river km 585.9–727.7,
Naumann et al., 2003). The most important tributaries of the Elbe
river are the Moldau (Czech Republic), Saale, Havel and Mulde
(Germany). Saale and Havel contribute a water volume of in average
115 m3 s−1 and the Mulde of 73 m3 s−1 to the mean discharge of
the Elbe.

In total, eleven sites along the German part of the Elbe were sam-
pled (Table 1, Fig. 1). The sampling sites Wittenberg, Dessau,
Havelberg, Wittenberge and Dömitz stretch along the Middle Elbe
from km 216 to 516. At Geesthacht (km 585.9), a barrage separates
the Middle from the Lower Elbe (the sampling site Geesthacht is

http://creativecommons.org/licenses/by/4.0/
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located upstream of the barrage). Further downstream, Elbstorf,
Hafenstraße, Lühemündung and Hollerwettern are located from
Elbe km 589 to 681. Hafenstraße was the most urban sampling site
being located in the centre of Hamburg harbour. The site Vogelsand
is part of the Outer Elbe, the continuation of the estuary formed by
the North Sea.

2.2. Sampling

The samplingwas conducted during a routinemonitoring of the Elbe
by the German Federal Institute of Hydrology (Middle Elbe: 20/07–23/
07/2015, Lower and Outer Elbe: 03/08–06/08/2015). Mean flow rates
at the sites Wittenberg (km 214) and Wittenberge (km 453) during
sampling were relatively low equalling 119–128 m3 s−1 and
247–260 m3 s−1, respectively. All samples in the Middle and Lower
Elbe were taken either at the entrance of harbours or at the edge of
the river where fine-grained sediment accumulates.

Ten water samples (one sample per site, except for site Elbstorf
where only sediment was collected) were retrieved with an Apstein
plankton net (opening: 0.022 m2, Ø 17 cm, length: 110 cm, mesh size:
150 μm) fixed on the side of a research vessel. The plankton net was
placed directly below the water surface. The river surface was sampled
over a distance of approximately 1 km at a speed of about 6–7 km h−1.
The filtered water volume was calculated using a manual flowmeter
(fixed on the plankton net opening) and following formula: Filtered
water volume = number of flowmeter revolutions × 0.3 m
revolution−1 × opening of the net [m2] × 1000. Depending on the
flow velocity, 3.2–32.7 m3 of water were filtered during 5–10 min
(site-specific results in Table S1). The water samples were transferred
from the cod end of the net into glass jars via flushing with ultrapure
water. After each sampling, the nets were cleaned with ultrapure
water to prevent contamination of the subsequent sample.

At the riverbed margins, sediment samples were taken with a Van-
Veen-grab sampler (2–4 kg per sample). The sediments were stored
in closed polypropylene buckets to protect them from external particle
contamination.

2.3. Sample preparation

2.3.1. MP extraction from water samples
Water samples were transferred to the Federal Institute of Hydrol-

ogy and processed as described by Ehlers et al. (2019). In brief, organic
matter was digested by adding 5–15mL of a 1:1 mixture of 10M potas-
sium hydroxide solution and hydrogen peroxide (30%) to each sample.
After agitation for 3–4 days (d), the samples were neutralized with
formic acid. Then, the MP particles were isolated from the remaining
matrix in a separating funnel by adding 3.61 g potassium formate pow-
derml−1 sample (density: 1.6 gmL−1). After 3–4 d, theuppermost layer
of the water phase was separated and pressure-filtrated on anopore in-
organic membrane filters (GE Healthcare Life Sciences, Whatman,
Anodisc Cat. No. 514–0518, diameter: 47mm, pore size: 0.2 μm). The fil-
ters were closed, air dried at 40 °C and stored in an aluminium jar. Later,
filters were visually inspected and all particles N500 μm as well as se-
lected smaller ones were analysed by means of ATR-FTIR (see Sections
2.4.1, 2.4.2).

2.3.2. MP extraction from sediment samples
Sediment samples were transferred to the Goethe University Frank-

furt am Main. For each sampling site, we homogenised the sediment
sample first and weighed in up to 2.5 kg of sediment wet weight
(ww) afterwards. The dry weight of each sediment sample was deter-
mined by drying and weighing a subsample of 200 g ww for 5–7 d at
45 °C (results in Table S1).

The sediments (≤2.5 kg) were wet-sieved into three size fractions
(20–125 μm, 125–1000 μm, N1000 μm). The N1000 μm fractions were
directly visually sorted and particles with a size of 1000–5000 μm
were stored for further visual and ATR-FTIR analysis. The
20–125 μm sediment fractions were dried at 45–55 °C for 5–7 d to
determine their dry weight (results in Table S1) and afterwards
stored in glass jars for pyr-GC–MS analysis. For the sampling sites
Dessau, Geesthacht and Elbstorf, we had to wet-sieve two subsam-
ples each, because we lost the 20–125 μm sediment fractions in the
first wet-sieving run and could thus only isolate the 125–5000 μm
fraction. We therefore performed a second wet-sieving run to also
obtain the 20–125 μm sediment fraction from both sites
(see Table S1).

The 125–1000 μm sediment fractions were processed as following.
First, density separation was performed in a custom-made replica of
theMunich Plastic Sediment Separator (MPSS, Imhof et al., 2012, details
in S.1.2) filled with ZnCl2 (ρ=1.6–1.8 g cm−3) as separation solution. A
24 h treatment in the MPSS enabled the isolation of particles with
ρ b 1.6 g cm−3. Secondly, the organic content in the isolated particle
fraction was further reduced by wet peroxidation (10:1 mixture of
30% H2O2 and 10% H2SO4, 5 d, 55 °C, details in S1.2). Finally, the suspen-
sions were filtered on glass microfiber filters (GE Healthcare Life Sci-
ences, Whatman, GF/D, Cat. No. 1823-047, diameter: 47 mm, pore
size: 2.7 μm) for visual and ATR-FTIR analysis.

2.4. Identification of MPs in water and sediment samples

2.4.1. Visual identification
Tentative MPs on the filters were visually inspected with a (stereo)

microscope with attached digital camera (for water samples: Keyence
VHX2000, for sediment samples: Olympus SZ-40 and camera (JVC,
KY-F75U, imaging software: Discus, version 4.80.8238)). For particle
identification, we followed the established criteria by Norén (2007).
Tentative MP particles were characterised with regard to their colour
(black, white, transparent, grey, silver, brown, purple, blue, turquoise,
green, yellow, orange, pink, red), size (longest particle diameter) and
shape (fragment, sphere, fibre, foils). Based on the mesh size of the
plankton net as well as the sieves used for the wet-sieving of the sedi-
ments, 150–5000 μm (water samples) and 125–5000 μm (sediment
samples) particles were analysed on the filters.

Total particle concentrations in the water phase of each site were
calculated based on the filteredwater volume and reported asMP num-
ber m−3 water. Concentrations in sediments are given as MP number
m−3 dry sediment to allow comparison between water and sediment
samples. Sediment volumeswere calculated from sediment dryweights
and corresponding sediment densities (details in Table S1 and S1.3).We
added results on MP concentrations in sediments based on total sedi-
ment mass (MP kg−1 dry weight) in chapter S2.2.1.

2.4.2. ATR-FTIR analysis
A subsample of the tentative MPs was manually isolated and

analysed by ATR-FTIR (Perkin Elmer, Spectrum Two) to determine the
polymer type. The majority of the analysed particles were N500 μm.
Due to lower MP abundance in the water phase, we could analyse all
MP particles N 500 μm in the water samples, while for the sediment
samples only a subsample could be processed. Particle spectra were
compared to a self-established plastic polymer data bankwith reference
spectra for the most common polymer types (PE, PP, PS, PVC, PMMA,
polyethylene terephthalate (PET), acrylonitrile butadiene styrene
(ABS), polyamide (PA), polyurethane (PU)) and categorised as “MP”
(match N80% and/or clear match of characteristic peaks) or “unknown”
(correlation b 80% and no match of characteristic peaks). For details of
ATR-FTIR analysis see S1.4.

2.4.3. Pyrolysis GC–MS analysis
After the removal of large tentativeMPs from the filters for ATR-FTIR

analysis, we determined the remaining PE, PP and PS content on the fil-
ters (originating from 125 to 5000 μm particles) as well as in the fine
sediment fraction (20–125 μm) from the sediment samples via pyr-



4 C. Scherer et al. / Science of the Total Environment 738 (2020) 139866
GC–MS.We also analysed the filters of the water samples. However, we
observed strong interferences in themass spectra caused by the anodisc
filters and did not proceed with the analysis.

For pyr-GC–MS, the glass microfibre filters and the fine sediment
fractions were separately ground in a laboratory ball mill. However,
the powders of the ground filters were too acidic (due to previous
wet peroxidation throughout the extraction of the 125–5000 μm
sediment fraction, see Section 2.3.2) to be directly used for pyr-GC–
MS analysis. Thus, we re-suspended the powder in water, allowed
particles to settle (to impede rapid filter blocking) and filtered the
majority of the supernatant volume through a glass fibre filter
(pore size: 2.7 μm), before adding new water to the ground filter
powders. This “washing process” was repeated at least twice (until
the washing water had pH 7). Finally, the suspended filter powder
was completely transferred on the new filter and dried for 7 d at
55 °C, before milling in a ball mill again.

Polymer extraction and pyr-GC–MS analyses were performed as
previously described (Dierkes et al., 2019). In brief, the ground filters
with the 125–5000 μm MP particles as well as the fine sediments
were pre-extractedwithmethanol followed by an extractionwith tetra-
hydrofuran using 10 mL extraction cells and an ASE-350 (Dionex, Sun-
nyvale, CA, USA). The extracts were transferred on calcined silica gel.
After the addition of an internal standard (polystyrene-d5), the calcined
silica gel with the adsorbed extracts were analysed by pyr-GC–MS anal-
ysis. We monitored for PE, PP and PS based on characteristic pyrolysis
products. Polymer abundance was calculated by comparison of the
peak intensity of the characteristic pyrolysis products with the results
of a calibration standard curve (for further details on pyr-GC–MS analy-
sis, see S1.5).

2.5. Validation and quality control

2.5.1. Validation of MP extraction from water samples
We analysed potential effects of chemical digestion on MP integrity

by exposing PE, PET, PP, PS undPVCMPs for 24 h toH2O2 (30%) andKOH
(10 M). All particles were visually inspected afterwards. MP particles
showed almost no signs of degradation.

2.5.2. Validation of MP extraction from sediment samples
Themethodology forwet-sieving, density separation and acid diges-

tion (125–1000 μm sediment fraction) was pre-validated threefold
using artificial sediments spiked with MP. 1500 g of quartz sand were
spiked with 125 MP particles (125–1000 μm) made of PE, PP, PS,
PMMA and PVC (25 particles each). The total recovery rate for the
whole process equals 87.2 ± 4.5% (mean ± SD). The reported MP con-
centrationsmay therefore be underestimates of actual concentrations in
the sediment samples.

Further, we tested the impact of acid digestion on MP integrity. For
this, MPs (473–1385 μm) made of PE, PS, PP, PA and PVC (ten particles
each) were incubated in 33 mL of the 10:1 mixture of 30% H2O2 and
10% H2SO4 for 5 d at 55 °C. Recovery rates were determined both with
regard to particle abundance and total surface area. Throughout the
acid digestion, no particles were lost and changes inMP particle surface
area were minor (≤ 4.4% surface area reduction) proving limited im-
pacts of the acid digestion methodology on particle integrity.

2.5.3. Controls for water samples
For the extraction process, three “processing blanks” were run by

digesting and filtrating 10 mL of distilled water in the same way as the
water samples. For quantification of atmospheric fallout, we placed alu-
minium oxide filters (“sorting blanks”) next to the digital microscope
for 12 h (time needed for visual analysis of filters of one sampling
site). MPs on the processing and sorting filters were characterised visu-
ally. Total MP concentrations in the water samples were corrected for
the average particle number on the processing and the sorting blanks,
respectively (results in S2.1.1).
2.5.4. Controls for the sediment samples
As for water samples, we included blanks for the extraction process

(“processing blanks”) and the visual sorting (“sorting blanks”). Contam-
ination throughout the extraction process was quantified thrice by pro-
cessing 500 mL distilled water in the same way as the 125–1000 μm
sediment fraction (Section 2.3.2). During visual analysis of the samples,
we placed empty glass fibre filters next to the stereo microscope to ac-
count for atmospheric fallout (one “sorting blank” per sampling site).
MPs on the blanks were characterised visually and total MP numbers
in the sediment sampleswere corrected for the average particle number
on the processing blank as well as the sample site-specific sorting blank
filters (results in S2.1.2 and Table S3).

2.5.5. Controls for the pyrolysis GC–MS
Controls for the pyr-GC–MSmethodologywere performedmultifold

by running the pre-extraction and the pyr-GC–MS analysis procedure
(see Section 2.4.3) with tempered sea sand (ChemSolute, No.
804.9025) which had been calcined at 600 °C. None of the control
runs detected any of the monitored pyrolysis products.

In regard to the filters from the extraction of the 125–5000 μm sed-
iment fraction, we further corrected the pyr-GC–MS results for the con-
tamination throughout the extraction (“processing blanks”) and visual
sorting (“sorting blanks”, see Section 2.5.4) of the 125–5000 μm sedi-
ment fraction. For this, we determined PE, PP and PS polymer mass
concentrations on the “processing” and “sorting blank” filters via pyr-
GC–MS (using the same methodology as described in Section 2.4.3)
and corrected the mass concentrations of the different sampling sites
for the mass concentrations on the blank filters, respectively.

2.6. Statistics

Results were analysed and plotted with GraphPad Prism 7.04
(GraphPad Software Inc., USA). Tentative MP concentrations in water
and sediments from the Middle and Lower Elbe were compared with
a non-paired, two-tailed t-test. Particle size distributions were fitted
with a One-phase decay function and a bin width of 200 μm (first bin
centre: 250 μm). Further, results from visual MP analysis and pyr-GC–
MS were compared with a Spearman correlation.

3. Results

3.1. Numerical concentrations of MPs in Elbe water and sediments

According to the visual analysis of the 125–5000 μmparticle fraction,
Elbewater samples contained on average 5.57±4.33 (SD) tentativeMP
particles m−3 (p m−3, median: 5.11 p m−3) with concentrations rang-
ing from 0.88 (Geesthacht) to 13.24 pm−3 (Dömitz, Fig. 1). The concen-
tration of tentative MPs in sediments was on average 600,000-fold
higher (when referring to the same volume). Elbe sediments contained
on average 3.35 × 106 ± 6.60 × 106 p m−3 sediment (median concen-
tration: 7.6 × 105 p m−3; 2.08 × 103 ± 4.67 × 103 p kg−1 sediment)
and ranged from 2.26 × 104 (Vogelsand) to 2.27 × 107 p m−3 (Dessau,
Fig. 1).

In regard to MPs in the water phase in the Middle Elbe, highest MP
concentrations were recorded at the Dessau site (11.56 p m−3) and at
Dömitz (13.24 p m−3). The mean MP concentrations in the water
phase in the Lower and Outer Elbe (Hafenstraße to Vogelsand, 3.07 ±
2.39 p m−3) were lower compared to the Middle Elbe (Wittenberg to
Geesthacht, 7.24±4.68 pm−3). However, the differencewas not statis-
tically significant (non-paired, two-tailed t-test, p N 0.05). Interestingly,
MP concentration at Hafenstraße (4.73 p m−3), the site directly located
in the city of Hamburg, was lower compared to almost all sites in the
Middle Elbe (except for Havelberg), while it was the second highest
along the course of the Lower Elbe.

Besides Dessau, sediments from Dömitz contained the second
highest MP concentrations (4.87 × 106 p m−3). Similar to the water



Fig. 1. Concentrations and shape of tentative MPs in water (150–5000 μm particle fraction) and sediment samples (125–5000 μm particle fraction) from eleven sampling sites along the
Elbe river. Bars (water: blue, sediment: brown) indicate concentrations (p m−3 water/sediment, note the different scales) and pie charts indicate the relative particle shape distribution
(fibres, fragments, spheres, foils). Site abbreviations: WB: Wittenberg, DS: Dessau, HB: Havelberg, WE: Wittenberge, DM: Dömitz, GH: Geesthacht, ET: Elbstorf, HS: Hafenstraße, LM:
Lühemündung, HW: Hollerwettern, VS: Vogelsand. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5C. Scherer et al. / Science of the Total Environment 738 (2020) 139866
samples, concentrations in the Lower and Outer Elbe (Elbstorf to
Vogelsand, 1.84 × 105 ± 2.32 × 105 p m−3) were lower compared to
the Middle Elbe (Wittenberg to Geesthacht, 6.0 × 106 ± 8.29 × 106 p
m−3), but these differences were not significant (p N 0.05). Detailed re-
sults on numerical concentrations are provided in Table S3.

All four particle shapes (fibre, fragment, sphere, foil) were found
both in water and sediment samples (Fig. 1, Fig. S3). On average,
water samples mostly contained fibres (46.5%), while fragments
(22.9%), spheres (20.1%) and foils (10.6%) were less abundant. In con-
trast, sediments contained predominantly spheres (35.5%) and frag-
ments (34.2%), whereas only 21.5% and 9.1% of the particles where
fibres and foils, respectively. While the particle shape distribution
does not follow a clear trend along the course of the river, notable re-
sults were observed at specific sampling sites. At the Dessau site in the
Middle Elbe, 93.4% of the MP particles in the sediment were spheres.
In thewater phase, sphereswere less abundant (32.6%) but still the sec-
ond most common shape following fibres (39.5%). At the river mouth
(Hollerwettern, Vogelsand), fibres and fragments were the most abun-
dant MP shapes both in the water and the sediment samples (details in
Table S3).

The size distribution of tentative MPs (size range: 125/
150–5000 μm) in the water and sediment phase increased exponen-
tially with decreasing particle size (Fig. 2). However, Elbe sediments in-
cluded a higher proportion of MPs b 416 μm than the samples from the



Fig. 2.Average size distributions of tentativeMPs in thewater and sediment samples from
the Elbe river and the corresponding blanks. For better comparability, only particleswith a
size of 150\\5000 μm were included.
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water phase (details in Fig. S4). Blanks contained a higher proportion of
particles between 500 and 2000 μm.

Tentative MPs in water and sediment samples were mostly trans-
parent (water: 26.0%, sediment: 28.8%), blue (water: 19.7%, sediment:
15.2%) or white (water: 15.0%, sediment: 16.2%, Fig. S5). Furthermore,
sediments also contained 10.7% of redMPs. The proportion of transpar-
ent and white tentative MP particles in the sediments decreased along
the course of the river. At the Dessau site, the high proportion of trans-
parent andwhite particles (95.5%) is linked to the high concentration of
spheres at this sampling site.
3.2. Polymer types of tentative MPs

The polymer type of visually identified MPs in the water and sedi-
ment samples was determined by ATR-FTIR (see Section 2.4.2). 41 out
Fig. 3. Average composition of MP polymer types determined by ATR-FT
of 584 tentative MPs (7.0%) from the water phase and 269 out of 4965
tentative MPs (5.4%) from sediments were analysed. In the water
phase, most particles were made of PE (47.5%) and PP (45.0%), while
in the sediments a more diverse set of polymer types was detected
(Fig. 3). Besides PE (34.4%) and PP (12.5%), MPs in the sediments were
also made of PS (18.5%) as well as ABS, PA, PET and PMMA (in total
2.0%). MP spheres found in very high numbers at the Dessau site were
characterised as PS (determined by analysing a subsample of all Dessau
spheres; later pyr-GC–MS results indicate that spheres may have
actually been made of polystyrene-divinylbenzene (PS-DVB), see
Section 4.5). Moreover, the proportion of particles that did not match
a plastic type was larger for sediment samples (29.3%) compared to
water samples (5.0%).
3.3. Mass-based concentrations of PE, PP and PS in Elbe sediments

3.3.1. Polymer content in the 125–5000 μm fraction of sediments
The mass concentrations of PE, PP and PS in the 125–5000 μm frac-

tions (excluding the MP particles analysed via ATR-FTIR) of the sedi-
ment samples were determined by pyr-GC–MS (Fig. 4a, Table S4). In
average, Elbe sediments contained 21.4 ± 19.2 g polymer m−3 when
summing up the PE, PP, PS content that contributed with 75.0, 16.8
and 8.2%, respectively. A marked decrease in concentrations was ob-
served from the sites Wittenberg to Elbstorf compared to the down-
stream sites Hafenstraße to Vogelsand. Between Wittenberg and
Elbstorf, mass concentrations varied intensively with lowest concentra-
tions at the Dessau site (13.7 g m−3) and highest concentrations at
Havelberg (49.2 gm−3). FromHafenstraße to the Elbe estuary, the poly-
mer concentrationsweremuch lower, ranging from1.37 (Vogelsand) to
0.20 gm−3 (Lühemündung).When comparing thenumerical andmass-
basedMP concentrations (Fig. 4b), results of bothmethodologies corre-
lated significantly (Spearman correlation, p b 0.05).

3.3.2. Polymer content in the 20–125 μm fraction of sediments
We also determined the PE, PP and PS content in the fine sediment

fraction (20–125 μm particles) by pyr-GC–MS and calculated the
resulting mass-based polymer concentrations (Fig. 5). On average, sed-
iments contained a total of 119 ± 149 g m−3 MPs (PE, PP and PS com-
bined). The highest MP concentrations were found at Elbstorf
(482 g m−3) and Geesthacht (317 g m−3). In comparison, the sampling
sites Lühemündung (10.6 g m−3), Hollerwettern (15.4 g m−3) and
Vogelsand (10.6 g m−3) at the mouth of the Elbe had much lower
IR analysis in the water and sediment samples from the Elbe river.



Fig. 4. Mass-based concentrations of the 125\\5000 μm fraction of Elbe sediments determined by pyr-GC–MS. (a) Concentrations based on PE, PP and PS content. (b) Comparison of
numerical and mass-based MP concentrations. Tentative MP concentrations were corrected for the number of removed particle for ATR-FTIR-analysis as those particles did not
contribute to pyr-GC–MS results. For site abbreviations see Fig. 1.
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concentrations. Further details on mass concentrations per volume and
mass of sediments are provided in Table S5.

PE was themost abundant polymer in the fine sediment fractions at
all sites except for Vogelsand. At Elbstorf and Geesthacht, samples
contained much higher quantities of PS than PE. When excluding PS,
the mean MP concentration was 65.6 ± 46.4 g m−3, with PE (density:
~ 0.94 g cm−3) contributing in average 80.94% and PP (density:
~ 0.91 g cm−3) 19.06% to the polymer mass. Further, mean numerical
concentrationswere recalculated from the averagemass-based concen-
tration. Assuming that all particles are spherical and have an average
density of 0.93 g cm−3, MP concentrations range between 8.62 × 103

p m−3 (only 125 μm spheres) and 2.10 × 106 p m−3 (only 20 μm
spheres).
Fig. 5.Mass-based concentrations of the 20–125 μmfraction of Elbe sediments determined
by pyr-GC–MS. For site abbreviations see Fig. 1.
4. Discussion

4.1. Riverine sediments are sinks for MPs

MP concentrations (125–5000 μm fraction) in sediments of the river
Elbe (2.26 × 104 to 2.27 × 107 p m−3) were in average 600,000-fold
higher compared to the water phase (0.88 to 13.24 p m−3). The same
tendency is evident on a global scale (Fig. 6, see Section 4.6). In addition,
we detected theoretically buoyant PE and PP in the sediments. This is in
accordance with previous literature (Klein et al., 2015; Lin et al., 2018;
Rodrigues et al., 2018) as weathering and biofouling, inclusions of sub-
stances during production, the formation of hetero-aggregates or sorp-
tion of biomolecules can increase particle density (Chubarenko et al.,
2016; Corcoran, 2015; Moret-Ferguson et al., 2010). River sediments
are, therefore, a key sink of MPs.

4.2. MP concentrations tend to decrease in the course of the river

We observed higher MP concentrations in sediments of the Middle
Elbe compared to the Lower and Outer Elbe. The sudden decrease in
MP concentrations at the sites Elbstorf and Hafenstraße are probably
caused by a barrage at Geesthacht which separates the sampling site
Geesthacht (Middle Elbe) from the sites in the Lower Elbe (Elbstorf to
Hollerwettern). Thus, the tide affects the Outer and Lower Elbe up to
the city of Hamburg (Hafenstraße) and to a lower extend up to the
site Elbstorf, but not the sites further upstream. Tidal activity leads to
a constant exchange of water bodies which may increase the transport
of MPs into the North Sea and limit an accumulation of MPs in sedi-
ments. Each year, about 625,000 t of fine-grained sediments enter the
estuary from the catchment area of the Elbe (IKSE, 2014; Schwartz
et al., 2015). The tides also move marine sediments from the North
Sea into the estuary (Schwartz et al., 2015) leading to sedimentmixture
and a further dilution of MP levels. Interestingly, our observations con-
trast previous publications that reported higher MP concentrations in
the estuary compared to the river in the Yangtze and Yellow river
(Xiong et al., 2019; Han et al., 2019). Differing results are potentially
caused by river morphology and tidal activity as different tidal currents,
circulation and geometry of each estuary strongly impact MP transport
in lower rivers and estuaries (Wolanski and Elliott, 2015).

In the water phase, MP concentrations were highest in theMiddle
Elbe and, similar to the sediment phase, also tended to decrease in
the course of the river. But in contrast to sediments, concentrations



Fig. 6. Summary of publishedMP concentrations (water and sediment phase, sorted according tomedian) in rivers in Europe (orange, this study (red)), North- and South America (green),
Asia (blue) and Africa (yellow). a,bFor studies using two sampling techniques, we present MP concentrations separately. c,dLahens et al. (2018) determined MP concentrations separately
for fragments and fibres. *Studies reportedMP concentrations as p kg−1 sediment. Concentrationswere recalculated to pm−3 sediment based on a density of 2.17 kg dm−3 (average den-
sity of the eleven Elbe sediments) (e.g., analyzed references are listed in S4). (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version of
this article.)
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varied more intensively as higher MP concentrations were also de-
tected in the Lower Elbe, especially at the sites Hafenstraße and
Hollerwettern. Thus, tidal activity does not seem to affect MP con-
centrations in water in the same way as in sediments. Reduced
tidal impacts may be explained by the constant drift of MPs down-
stream (if particles do not settle). Low retention times may lead to
higher (short-term) fluctuation in MP concentrations, while tidal
impact, instead, remains rather low.

4.3. MP hotspots highlight the relevance of industrial emissions

Very high MP concentrations were determined in the sediments at
the Dessau sampling site. Spherical plastic beads, potentially made of
PS-DVB (see Section 4.5, Fig. S6, Table S6), contributedmost. This obser-
vation coincides with findings in the Lower Rhine. Here, Mani et al.
(2019) detected PS-DVB spheres which had most probably been used
as ion-exchange resin beads (Mani et al., 2019). The spheres collected
at the site Dessau potentially originate from industrial areas of Dessau
or Bitterfeld close to the sampling site in which plastic-processing in-
dustry has been established (Fig. 1). PS-DVB spheres were probably
transported via the Mulde river into the Elbe with its confluence being
located close to Dessau. Thus, industrial emissions may play a major
role for local MP hotspots.

In contrast to primary MPs, the exact origin and entry pathway
for secondary MPs remain unknown. For instance, the composition
of sampled MPs is heterogeneous and varies without clear trends
(Fig. 1, Table S3). However, it is already known that WWTPs contrib-
ute to the MP pollution in rivers (Mani et al., 2015; Leslie et al.,
2017). In the catchment of the Elbe, N2000 public waste water treat-
ment plants (WWTPs) exist which clean N1.40 × 109 m3 water
year−1. These are accompanied by industrial WWTPs which clean
an additional water volume of 1.42 × 108 m3 water year−1 (FGG
Elbe, 2014). High cleaning and, thus, discharge rates of WWTPs
into the Elbe suggest that WWTPs may be an important source of
MP pollution in the Elbe. Determining their relative contribution to
the detected MP composition at the examined sampling sites, how-
ever, lies beyond the scope of this study.

In general, highly populated urban areas are commonly discussed as
a key source of MPs (Duis and Coors, 2016; Horton et al., 2017;
Rodrigues et al., 2019). For the Elbe catchment, this could not be verified
as water and sediment samples from the harbour area of Hamburg
(Hafenstraße) contained lower MP concentrations compared to other
more rural areas (e.g., Dömitz). Low levelsmay be explained by the con-
stant dredging of the harbour areas to remove deposited sediments.
Moreover, as discussed above, tidal influence may have transported
sediments from Hamburg further downstream into the North Sea,
thereby, reducing MP levels in the harbour sediments.

4.4. MP composition in the water and sediment differs

Sediments contained higher proportions of smaller particles com-
pared to the water phase. Furthermore, sediments contained mainly
spheres (due to high proportions (93.4%) at Dessau) and fragments,
while fibres dominated the water phase. Reduced particle size and
high levels of fragments in sediments point towards MP settlement
and fragmentation in the sediments. Similarly, Lin et al. (2018) also ob-
served a high proportion of fragments in sediments of the Pearl River
(China), most probably due to a lower surface to volume ratio followed
by sedimentation of these fragments (Wang et al., 2017b). Thus, frag-
ments seem to be a relevant MP shape in river sediments.

The larger mean particle size of suspended MPs may possibly be
caused by the enhanced proportion of fibres. Waldschläger and
Schuettrumpf (2019) aswell as Khatmullina and Isachenko (2017) con-
firmed that fibres obtain a relatively low settling velocity in freshwater
experiments. The same is true for marine conditions (Bagaev et al.,
2017). Low settling velocities and a constant water stream along the
river thus possibly prevents fibres from sinking causing enhanced abun-
dances in the river water phase and reduced accumulation in the
sediments.

The polymer distribution differed between the water and sediment
phase. In the water samples, MP particles were mostly made of PE and
PP (0.85–0.92 g cm−3). This is in accordance with previous literature.
For instance, PE and PP fragments also dominated in Antuã River
(Portugal) as well as in a tributary of the Thames River (Rodrigues
et al., 2018; Horton et al., 2017). In the sediments, polymer distribution
was more diverse and also included PS (and PS-DVB, see Section 4.3),
PVC, ABS, PA, PET and PMMA. On the one hand, the distribution pattern
reflects the high production volumes of PE and PP (~50% of total de-
mand, PlasticsEurope, 2017). On the other hand, an increased polymer
diversity in the sediments is probably related to polymers with higher
density that sink and deposit more easily in sediments (Horton et al.,
2017).
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4.5. Comparison of MP identification methodologies

In this study, visual identification, pyr-GC–MS and ATR-FTIR
methods have been used for analysing and identifying MPs. Analysis
byATR-FTIRwasmostly limited to particles N500 μm,while smaller par-
ticles weremainly analysed visually and by pyr-GC–MS. Visual analysis,
although still themost commonly appliedmethodology forMP identifi-
cation, is often criticised as inaccurate and subjective with a high poten-
tial to misestimate actual MP concentrations (Hidalgo-Ruz et al., 2012;
Loeder and Gerdts, 2015). In comparison, pyr-GC–MS analysis is often
considered advantageous compared to visual analysis due to higher an-
alytical sensitivity (Fischer and Scholz-Böttcher, 2019).

To evaluate the quality of bothmethodologies in regard toMP quan-
tification, we correlated the results for visual and pyr-GC–MS analysis
for 125–5000 μm particles in the Elbe sediments. For the correlation,
we assumed that the particle size distribution and the polymer distribu-
tionwere comparable in the different sediment samples. At least for the
particle size distribution, this canmostly be confirmed (Fig. S4). A signif-
icant correlation of the numerical (visual) and mass-based concentra-
tions (pyr-GC–MS) suggests that methodologies provide consistent
results. Thus, relative proportions between MP concentrations at
the different sampling sites are sufficiently determined by both
methodologies.

However, it remains unclear whether the results from both
methods are also comparable in terms of absolute MP levels at the
different sampling sites. For instance, at the site Dessau, visual anal-
ysis indicated very high MP numbers (especially spheres, see
Section 4.3). ATR-FTIR results confirmed that the spheres were
mostly made of PS. Pyr-GC–MS analysis, however, could not find
high PS mass in the Dessau sediment sample (Fig. 4). A possible ex-
planation for this analytical discrepancy was potentially found in a
follow-up sampling at the site Dessau in 2019: Throughout the new
sampling, we detected spherical MPs which resembled the spheres
detected as part of this study in 2015. A closer comparison of pyr-
GC–MS results of the newly sampled MP spheres with PS reference
materials revealed that the PS was crosslinked with DVB (Fig. S6,
Table S6). The ATR-FTIR analysis performed throughout this study
was not able to highlight this difference as the ATR-FTIR reference
data base did not include a PS-DVB reference spectrum. PS-DVB par-
ticles are commonly used as ion exchange resins (Brady et al., 2017).
The cross-linkage of PS with DVB may have thus affected the styrene
detection by pyr-GC–MS. As such, the high number of detected PS
spheres may not correlate with the PS mass measured in the pyr-
GC–MS. A second explanation for low detected PS mass at Dessau
may be related to a potential macroporous structure of the spheres.
Macroporosity lowers the relative PS mass per particle volume, and
thus the detectable PS mass.

In opposite to the 125–5000 μm sediment fraction, high PS contents
in the fine sediments (20–125 μm)were only observed at the sampling
sites Geesthacht and Elbstorf, but at none of the other sites. Increased PS
abundances may originate from enhanced PS polymer fragmentation,
but also from styrol-butadien-rubber (SBR) car tyre abrasion or from
other polymers containing styrene (e.g., ABS, Eisentraut et al., 2018,
Unice et al., 2012). However, the actual source currently remains
unknown.

4.6. MP abundance in a global context

Overall, our results coincide well with previously published data
from 51 studies on MP concentrations in rivers worldwide (Fig. 6).
Here, median global MP concentrations in the water phase and sedi-
ments ranged between 0.17 (Rodrigues et al., 2019) and 3.45 × 105 p
m−3 (Lahens et al., 2018) and 5.15 × 102 (Castañeda et al., 2014) and
6.49 × 107 p m−3 (Wang et al., 2018), respectively (Fig. 6).

For water, MP levels in the Elbe (median: 5.11 p m−3) are lower
compared to other river systems (Fig. 6). In the context of German
rivers, instead, MP concentrations in the Elbe are comparable to
those reported for the Rhine, Danube and Weser (median:
3.27–19.10 p m−3, Heß et al., 2018, Mani et al., 2015). Higher con-
centrations (median: 3.60 × 103 p m−3) were only found by
Schmidt et al. (2018) who sampled an urban canal in Berlin that
may not be representative for MP pollution in large rivers. For sedi-
ments, the median MP concentration in the Elbe (7.57 × 105 p
m−3) corresponds to the middle section of global distribution
(Fig. 6) and are two orders of magnitude lower than in the most con-
taminated river. In regard to German rivers, Elbe sediment concen-
trations matched well with concentrations in the rivers Main and
Rhine (1.16 × 106 p m−3, Klein et al., 2015). We, thus, assume that
our measured MP concentrations and compositions are quite repre-
sentative for German rivers.

However, such comparisons are hampered by the diversity of
analysis and methods used in monitoring studies (Mai et al.,
2018; Prata et al., 2019). For instance, MP concentrations are
based either on numbers or weight and thus have a different size
limit (125 vs. 20 μm) leading to different results. Moreover, differ-
ent units for suspended (numbers per water volume) and settled
MPs (numbers per sediment mass) impede direct comparisons. In
this study, we overcome this limitation by recalculated MP sedi-
ment concentration (from this as well as previous publications,
see Fig. 6) based on the average sediment density found in the
Elbe. Although this approach is also associated with uncertainties,
it is a relevant new approach to allow a broader comparison of
global trends (Fig. 6).

Previous studies on global plastic pollution by Lebreton et al. (2017),
Adam et al. (2018) and Besseling et al. (2018) pointed towards Asia as a
key source of plastic pollution in aquatic ecosystems. In fact,many of the
highest observed MP concentrations in water and sediment samples
originate fromAsian sampling sites. However, European sites (including
the Elbe, especially in regard to its MP sediment concentrations) reach
almost comparable levels (Fig. 6). High MP pollution is thus not exclu-
sively restricted to the Asian countries or a single continent but is of
global relevance.

5. Conclusion

This study provides for the first time data on MP pollution in the
large European river Elbe and focused on the comparison of MPs in
the water and sediment phase. MP concentrations were in average
600,000-fold higher in sediments (mean: 3.35 × 106 p m−3) compared
to the water phase (mean: 5.57 p m−3). PE and PP were the most com-
mon polymer types in the water phase, while in the sediments a more
diverse polymer distribution was observed. Riverine sediments are,
therefore, a key sink of MP pollution.

Besides differences between thewater and sediment, MP concentra-
tions varied also over the course of the river. Decreasing downstream
concentrations, especially in the Elbe sediments, can be explained by a
barrage dividing the Elbe in a section without (Middle Elbe) and with
(Lower and Outer Elbe) tidal influence. Limit tidal activity above the
barrage leads to the retention of the sediments in the Middle Elbe caus-
ing elevated MP concentrations.

In regard toMP sources, industrial activities seem to be of special rel-
evance for the river Elbe. Industrial emissions near the city of Dessau
probably cause local pollution hotspots with PS-DVB spheres. In con-
trary, no distinctive relation between urban surrounding and MP levels
was found.

In a global context, MP concentrations in the Elbe water and sedi-
ments range in the lower (water) and medium (sediment) section of
the global MP concentration range for river water and sediments. Espe-
cially elevatedMP concentrations in sediments at some of the Elbe sam-
pling sites illustrate well that MP pollution is not restricted to specific
countries or continent, but it must be considered a global issue we
need to approach.
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