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Abstract 

Floodplain soilscapes act as temporary sinks in the environment and are nowadays affected by multiple contaminant 
accumulations and exposures, including different trace metals and plastics. Despite increasing knowledge about the 
occurrence and behaviour of plastics at the interface between aquatic and terrestrial systems, there are still major 
uncertainties about the spatial distribution of plastics, their sources and deposition, as well as spatial relationships 
with other contaminants. Our recent case study addresses these questions, using the example of a river system rang-
ing from rural to urban areas. Based on a geospatial sampling approach we obtained data about soil properties, metal 
contents via ICP-MS analyses, and particle-based (171 μm – 52 mm) plastic contents, analysed using sodium chloride 
density separation, visual fluorescence identification and ATR-FTIR analysis. We found plastic contents of 0.00–35.82 
p  kg− 1 and zero to moderate metal enrichments. Levels of both contaminations occur in the lower range of known 
concentrations in floodplain soils and show a different spatial distribution along the river course and in the flood-
plain cross-section. Furthermore, we found that plastic enrichment occurs in the uppermost soil layers, while trace 
metal enrichment is equally distributed over depth, indicating different sources like flood dynamics and agricultural 
practice during different deposition periods. Finally, direct short to long-term anthropogenic impacts, like floodplain 
restoration or tillage may affect plastic enrichments, raising questions for future research directions within floodplain 
soilscapes.
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Introduction
The global contamination of the environment through 
plastics has led to worldwide detections of plastic in 
almost any environmental system, including marine, 
freshwater and terrestrial environments among others 
[1]. After an initial half-decade of investigation plastic 

contamination also in terrestrial systems and their soils, 
it has become clear that soils of different soil landscapes 
(soilscapes) contain far more plastics than perhaps pre-
viously assumed [2, 3]. These initial findings include the 
evidence of plastics from highly cultivated to semi-nat-
ural soilscapes [2, 4], opening questions about the role 
of soil systems as a potential plastic reservoir within the 
global plastic cycle. Additionally, it was already proven 
that plastics can affect a wide variety of soil functions and 
related ecosystem services [5, 6], like influences on soil 
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structure, material balance, the release of pollutants or 
the uptake of plastics into the food chain [6].

Investigating plastics in the environment has led to 
various definitions and size classification resulting from 
the different research disciplines dealing with plastic 
contaminations [7]. Plastics within the size of microplas-
tics (MP) defined by size as particles with a size between 
1 μm and 1000 μm [8] or 1 μm and 5000 μm as well as 
nanoplastics (NP, < 1 μm) are currently receiving the most 
attention in environmental research [7, 9]. Additionally, 
particle size-based distinctions have been made between 
coarse microplastics (2–5 mm) [10], meso- (> 5 mm) [9] 
and macroplastics (> 5 or > 25 mm) [7, 8].

Regarding the role of soil systems as a reservoir within 
the global plastic cycle, floodplains and their soils as 
floodplain soilscapes have a special role. Even if flood-
plains cover only 0.5–1% of Earths land area [11], they 
act as transitional landscapes between aquatic and ter-
restrial systems and therefore as temporary transfer and 
deposition areas of plastics as a semi-terrestrial part of 
fluvial transport corridors [12–14]. Due to the spatial 
location of floodplain soilscapes within an aquatic-terres-
trial interface, they are entangled with the river through 
flood dynamics and show a widespread genesis within a 
human-natural entanglement by the deposited legacy 
sediments [15]. This has also led to the circumstance 
that floodplain soilscapes have been subject to a constant 
impact of different contaminants (e.g., potential toxic 
metals like lead or copper, PAHs) from e.g., mining or 
industry sources in the past and nowadays also for plas-
tics [16–18].

Until now six studies investigating five floodplains were 
able to show that plastics enter floodplain soilscapes 
mainly through area-wide flood processes (flood depos-
its) and local point sources like agriculture [10, 18–22]. 
Additionally, further sources like littering and surface 
runoff from slopes are probable [23]. Reported particle-
based plastic loads include different ranges like 4.94–
252.70 p  kg− 1 (0.1–5.0 mm, NaCl separation) down to 
80 cm soil depth in intensively utilised agricultural soils 
of the lower Yangtze River floodplain (CHN) by Cao et al. 
[19] or 23–330 p  kg− 1 in proximal floodplain topsoils 
(0–4 cm) of three rivers in Virginia (US) with average 
sizes of 290–1160 μm (NaCl separation) by Christensen 
et al. [20]. Within Central Europe, Lechthaler et al. [18] 
documented average loads between 47.9 p  kg− 1 (depth 
profiles) and 25.4 p  kg− 1 (topsoils) for microplastics 
within the Inde River floodplain (Germany) with a size 
between 500 and 5000 μm (canola oil extraction) and 
Weber et  al. [22] reported loads of 0.36–30.46 p  kg− 1 
with a size of 219.0–8321.0 μm (NaCl separation) for 
the Lahn River floodplain (Germany). Previous research 
identified that the lateral distribution along the river 

and potential plastic inputs has been linked to popula-
tion density in the catchment [21], land use (direct input 
agriculture) [19] and vegetation (trapping) [10] as well as 
floods (sediment deposition) [18, 20]. Regarding vertical 
distributions within floodplain soilscapes, incorporated 
plastics can accumulate in the youngest and uppermost 
floodplain soil layers due to sedimentation since the 
1960s, or agricultural utilisation, but also reach deeper 
soil layers through in-situ displacement [10, 19]. Plastic 
abundance in floodplain soils seems to have a clear drop 
with the soil depth [19, 22]; Christensen et al. [20] found 
in some parts higher plastic loads in the floodplain than 
in the stream channel, which may relate to remobilization 
of deposited plastics, and exports during floods at the 
river channel [24, 25].

Regarding spatial patterns of MP distribution within 
floodplain soilscapes it can be summarized that first, 
the global data availability and number of studied flood-
plains remains small, second, an increase of potential 
plastic sources along the river leads to higher plastic 
loads within floodplain soilscapes (source-to-sink) [21] 
and third, that plastics are deposited within the youngest 
and upper floodplain soils and are subject to vertical in-
situ displacements. When combining these summarized 
points to the well-known contamination of floodplain 
soilscapes with metals or potential toxic metals, different 
processes between plastics and metals, like the dissolu-
tion of additive metals from plastics [26, 27], adsorption 
of different metals (e.g., Cd, Zn) from the soil matrix [28, 
29] or the influence of MPs on metal behavior in soils 
(e.g., reduction of the exchangeable, carbonate-bound 
and Fe-Mn-oxide bound fraction) [30], seem also plau-
sible in floodplain soilscapes. With regard to the above-
mentioned interactions between plastics and metals, it is 
therefore important to determine whether both contami-
nants are equally distributed within floodplain soilscapes. 
Finally, future risk assessments of MP contaminations or 
the consideration of plastic-metal interactions requires 
basic knowledge about the spatial distribution, the iden-
tification of potential floodplain soilscapes hotspots, and 
the natural and anthropogenic processes responsible for 
them.

Against the background of current research on MP 
in floodplain soils and initial findings about the deposi-
tion, spatial distribution as well as interrelationships to 
other pollutants, there is still a lack of spatial MP data 
with regard to strongly different floodplain properties 
(e.g., flood frequency and extension, sediment origin and 
budget, soil stratigraphy or land use compositions). Fur-
thermore, questions arise about whether previous find-
ings from other catchments are transferable and whether 
concrete spatial contamination patters within flood-
plain soilscapes are identifiable. Based on these general 
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questions, we conducted a case study within the flood-
plains of the Nidda River and its catchment area focusing 
on the analysis of macroplastics (> 5 mm), coarse micro-
plastics (2–5 mm) and microplastics (> 300 μm, lower 
detection limit) in combination with different metals. 
The Nidda River can be considered very representative of 
Central European river basins due to the gradient from 
the rural upper reaches over agricultural heartland to the 
highly urbanised lower reaches [31]. Furthermore, the 
associated land use, possible point and diffuse plastic and 
metal sources and the conflicts arising around the flood-
plain and watercourse management are also comparable 
to many intensively utilised floodplain areas. Regarding 
the predominant soilscape properties, we aim to inves-
tigate the following aspects and related issues at the 
aquatic-terrestrial transitional zone of the Nidda River:

1. Providing spatial MP and metal data combined with 
basic information about plastic abundance and their 
spatial distribution within the floodplain soilscapes 
of the Nidda River to enable comparisons with other 
catchments.

2. Study the lateral spatial distribution of plastics and 
metals along the river and within floodplain cross-
section, testing the hypothesis that contaminant 
loads increase with the river course with potential 
contamination sources (hypothesis 1).

3. Investigate the vertical spatial distribution of plas-
tics and metals within floodplain soils, testing the 
hypothesis of comparable deposition conditions and 
times for both contaminants (hypothesis 2).

4. Compare lateral and vertical spatial patterns of both 
contaminants to soil stratigraphy and local land use 
changes, testing the hypothesis of uniform, area-wide 
deposition patterns (hypothesis 3).

Methods
Study area
The Nidda River, with a length of 89 km, drains large 
parts of the Wetterau basin (1942  km2) into the River 
Main, located in the in central Germany (Fig.  1) [32]. 
The Wetterau basin is an important cultural landscape, 
which has been inhabited and cultivated almost con-
tinuously since the early Neolithic period [33, 34]. This 
long-lasting cultivation and deforestation influence 
the soilscapes of the catchment area. While the upper 
reaches and upland positions are dominated by Cambi-
sols developed in periglacial solifluction layers (basalt), 
the remaining catchment area is dominated by soils 
developed on loess (Luvisols, Regosols, relictic Cher-
nozems, Stagnosols) [34].

The floodplains of the Nidda River first appear after 
the Vogelsberg (headwaters) and progressively expand 
with the river course; they consist mainly of Fluvi-
sols (fine-grained Holocene flood loam and colluvial 
deposits) and partly of Gleysols and Stagnosols [32]. 
The Nidda floodplains, except for the direct riparian 
zones, are often cultivated as cropland, meadows and 
pastures. Large parts of the Nidda floodplains are part 
of a landscape conservation area for the protection of 
near-natural floodplain areas. However, the amount of 
land used for residential development and infrastruc-
ture facilities is also increasing, reaching a high level in 
the Frankfurt metropolitan area where the Nidda River 
joints the River Main, and restricts near-natural or just 
cultivated floodplain areas severely.

The Nidda River can be classified as a characteristic 
medium-sized stream system with six major tributaries 
(Fig.  1). The stream is influenced by intense industrial 
and agricultural activities, including six industrial and 
municipal wastewater treatment plants in its course, 
and river engineering for flood protection [31, 35] 
(Fig. 1). Today’s land use along the Nidda River changes 
from a rather rural environment in the upper reaches 
(population density: 72 people  km2, settlement and 
traffic area: 10.6%) to a heavily cultivated agricultural 
heartland in the middle reaches (population density: 
282 people  km2, settlement and traffic area: 16.1%), to 
the highly urbanised lower reaches in the Frankfurt 
metropolitan region (population density: 3077 peo-
ple per  km2, settlement and traffic area: 58.6%) [36], 
resulting in multiple possible point and diffuse (micro-)
plastic as well as metal sources along the river course. 
Furthermore, agricultural practice includes mainly 
conventional crop production (mainly wheat, barley, 
maize) and grassland cultivation for livestock farming 
[36], resulting in a additional direct source for plastics 
and metals on crop- and grassland.

Flood events under the hundred-year flood level 
(<HQ100) occur frequently between December and Feb-
ruary in flood retention areas along the river course, with 
a total area of 44.8  km2 [37]. Flood protection measures, 
such as dams, widening of the cross-section, or flood 
retention basins in the catchment area, have been con-
structed since the 1920s and have been continuously 
expanded [37]. Nevertheless, ten high flood events with 
a discharge > 25.7  m3  s− 1 for the gauge Nieder-Florstadt 
(ID: 24830050, between sampling sites OKA and FRA) 
occurred between 1967 and 2011, showing an aver-
age discharge of 28.2  m3  s− 1 (max: 37.6  m3  s− 1 in 1981), 
average discharge rate of 53.4 l (s  km2)− 1 and an average 
water level of 308 cm (max: 343 cm in 1981) [37]. The 
average discharge during flood events exceeds the long-
term middle discharge (MQ) of 3.0  m3  s− 1 by 9.4 times.



Page 4 of 21Weber et al. Microplastics and Nanoplastics            (2022) 2:25 

Soil sampling
The selection of sampling sites was carried out with the 
aim of implementing a geospatial approach [10] and 
identifying sites representative of the floodplain land-
scape and its different soilscapes as already introduced 
by Weihrauch [38] as well as Weber and Opp [10]. The 

selection was carried out with the help of a preliminary 
evaluation of geodata (aerial photos, geological map, soil 
map, morphology) and the following conditions: each 
sampling site a) must be representative of a stretch of 
watercourse with typical soil formations and landscape 
characteristics [38], b) must be located in the designated 

Fig. 1 a General map showing the location of the Nidda River catchment in Germany; b Nidda River catchment with tributaries, transect locations 
and urban areas with location of wastewater treatment plants (WWTP) and industrial dischargers along the Nidda River. Data source: NUTS 2021 
(© EuroGeographics for the administrative boundaries), WISE Large rivers (© European Environmental Agency), Digital terrain model 1 (© Hessian 
Administration for Soil Management and Geoinformation) and urban areas (© OpenStreetMap contributors 2021. Distributed under the Open Data 
Commons Open Database License (ODbL) v1.0.). Detailed maps of transect sites and elevation profiles can be found in Fig. S1
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floodplain (10–100 year flood events) (Fig. S1), c) should 
not be located in close proximity to potential MP point 
sources (e.g., garbage dump, sewage plant), and d) should 
be free of interruptions (infrastructure, dams) in the 
floodplain cross-section [10]. Furthermore, each site 
should consist of a clear structure of floodplain morphol-
ogy including levee, inactive flood channels and back-
swamp [10].

In contrast to other catchments, the anthropogenic 
utilisation and land use in the Nidda River catchment 
was the major restriction for the identification of suit-
able sampling sites. Except for the headwaters, where no 
floodplain can be found due to narrow valley morphol-
ogy, there are still four areas in the middle and lower 
reaches of the Nidda River that show a floodplain width 
of 400–900 m (on each side) and have not been dammed 
excessively. In these areas, which are part of the protected 
landscape area “Floodplain Association Wetterau”, four 
transect locations were selected after a preliminary soil 
survey, in order to represent the floodplain cross-section 
(Fig. 1). Each transect location can be reached by annual 
floods, and would be flooded by 50–200 cm (sites NID 
and MOK) or 1–100 cm (sites OKA and FRA) during a 
hundred-year flood [37]. Furthermore, the transect loca-
tions are partly affected by river and floodplain renatura-
tion measures. All sites are under agricultural land use, 
mainly pastoral and only at site OKA also arable (Table 
S1). Land use comparison based on satellite images from 
1933 and 2020 show that arable land changed to grass-
land at the distal floodplain of site OKA, and floodplain 
renaturation is taking place at sites NID, MOK and FRA 
(Figs. S2 and S3).

Finally, soil sampling was conducted during sum-
mer 2019 and 2020 at the river transect locations, using 
pile core driving with stainless-steel cores (diameters 
of 100 mm and 80 mm) down to a depth of 2 m. At each 
site, two (NID, FRA) or three (MOK, OKA) points were 
sampled, each localised in the proximal or distal flood-
plain area, with an additional third point in the central 
floodplain at sites MOK and OKA as the floodplains are 
wider there. Sampling points were numbered as 1 (distal), 
2 (central) and 3 (proximal) at sites MOK and OKA, 1 
(distal) and 2 (proximal) at site NID and 1 (proximal) and 
2 (distal) at site FRA. Sampling points are furthermore 
available as .kml file within a data repository.

At each sampling point of the transect, two complete 
cores at a distance of 5 m from each other were extracted, 
resulting in 20 cores. Soil stratigraphy and pedogenesis 
were documented according to the FAO Guidelines for 
soil description [39], and classified according to WRB 
2015 [40] and German soil classification [41]. Sam-
ples were collected from the two cores with stainless-
steel spatulas and pooled in the field according to fixed 

depth levels (10 cm sections in 0–0.5 m, 25 cm sections in 
0.5–1.5 m and 50 cm section from 1.5–2.0 m), resulting 
in 10 composite samples per sampling point (total: 100 
samples, 385.5–3704.6 g dry fine earth per sample), and 
stored bioplastic bags, made from corn starch (biological 
origin) and biodegradable (Mater-Bi bags, BioFutura B.V., 
Rotterdam, Netherlands).

Additionally, plastics fragments on topsoil surfaces 
were sampled if a conspicuous amount of plastics could 
be found around the drill points [42]. Visible plastic frag-
ments were collected in a 20  m2 area around the drill 
points, by two people walking straight lines in paral-
lel (four-eyes-principle), according to Piehl et  al. [42]. 
Surface sampling area was prepared by means of a tape 
measure and measuring rods, while a rectangle with the 
extension of 4 × 5 m was measured and marked around 
the centre (drill point). This additional procedure was 
conducted at the OKA sampling site (points OKA-2 and 
OKA-3).

Laboratory analysis
Field fresh soil samples were immediately dried at 45 °C 
within opened bioplastic bags for 4 days in a closed dry-
ing chamber, without fan to avoid cross-contamination of 
samples by airflow. Subsequently the sample material was 
carefully mortared (ceramic mortar) to break down soil 
macro-aggregates, and dry-sieved through stainless-steel 
sieves (Retsch, Haan, Germany), covered with a stain-
less-steel plate, to the size fractions > 5 mm (mesoplas-
tics), > 2 mm (coarse microplastics and rock fragments) 
and < 2 mm (large microplastics and fine-earth fraction). 
The fine-earth fraction was afterwards homogenised in 
a stainless-steel bowl and divided via a rotary sampler 
(Retsch, Haan, Germany), to obtain representative sub-
samples for soil parameter and metal analysis. Each frac-
tion was stored in corn starch bags.

Soil parameter and metal analysis
The residual moisture content of representative sub-sam-
ples (fine-soil < 2 mm, average sub-sample mass: 99.6 g) 
taken after drying at 45 °C, was determined by drying 
(105 °C), and the content of organic matter (OM) was 
determined via loss of ignition at 550 °C (DIN 19684–
3:2000–08) and both were recorded as percentage by 
weight (wt%). Additionally, the pH was measured with a 
pH 91 electrode (WTW, Weilheim, Germany) in a 0.01 M 
 CaCl2 solution (m:V 1:2.5). Carbonate content was deter-
mined after reaction with a few drops of 3.23 M hydro-
chloric acid (HCl) according to Ad-hoc AG Boden [41] 
and soil texture was analysed via the Integral Suspen-
sion Pressure Method [43] after the samples had been 
prepared according to DIN ISO 11277:2002–08. Soil 
textures were reported according to Guidelines for soil 
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description [39] and individual shares of clay, silt and 
sand, in percentage by weight (wt%).

Pseudo-total concentrations of the metal Fe, the metal-
loid As and the trace metals V, Cr, Co, Ni, Cu, Zn, Cd, Hg, 
Pb were determined from digests of 1 g prepared subsam-
ple with 20 ml aqua regia (12.1 M HCl and 14.4 M  HNO3; 
ratio 1:3; DIN ISO 11466:2006–12). Metal concentrations 
were quantified using inductively coupled plasma–mass 
spectrometry (ICP–MS; XSERIES 2; Thermo Fisher Sci-
entific, Bremen, Germany) and system calibration with a 
certified multi-element standard solution (ROTI®STAR; 
Carl Roth GmbH, Karlsruhe, Germany). Each digest was 
measured three times and averaged, resulting in con-
verted results given in mg  kg− 1. Relative standard devia-
tion (RSD) after threefold measurements, and detection 
limits resulting from the multiplication of the mean 
standard deviation of 10 repeated blank measurements 
by factor 3, were used for correction [44, 45].

Plastics and microplastics analysis
Plastics and microplastics analyses were carried out 
according to the method and application first published 
by Weber & Opp [10] and Weber et al. [22]. Visual identi-
fication with naked eye, or the help of a magnifying glass, 
was conducted for macro- and mesoplastics (> 5 mm) 
and with the help of a stereomicroscope (SMZ 161 TL, 
Motic, Hong Kong) for coarse microplastics (> 2 mm) 
after dry-sieving. Potential plastic particles were cleaned 
(deionised water) [46], dried (45 °C), photographed and 
stored in rim jars made of glass with PE-caps for polymer 
identification.

The total fine-earth fraction (< 2 mm) with a sample 
mass between 94.0 and 3552.1 g (mean: 1295.3 g, exclud-
ing coarse soil fragments) and a related average volume of 
1053 ml (250–2750 ml), was used to separate out micro-
plastic particles (Fig. S4). For this purpose, a density 
separation with the “MicroPlastic Sediment Separator” 
(MPSS) (Hydro-Bios Apparatebau GmbH, Kiel-Alten-
holz, Germany) under the application of a saturated 
and > 300 μm filtered NaCl-solution (density adjusted to 
1.2 g/cm3 and controlled by balance and aerometer) was 
performed [47]. Density control, before and after separa-
tion, shows a range between 1.195 to 1.218 g  cm− 3 with 
an average of 1.203 g  cm− 3 (measured by gravity), at an 
average solution temperature of 19.47 °C (Fig. S4). The 
sample solution was stirred for 60 minutes and then 
allowed to settle for 19 hours. At the end of the separa-
tion time, the integrated ball valve was closed, and sepa-
rated material was rinsed into glass beakers using filtered 
NaCl solution.

Afterwards, the remaining sample material, con-
sisting of organic material and potential plastic parti-
cles, was separated into the following size classes using 

stainless-steel sieves (Ø 75 mm, Atechnik, Leinburg, Ger-
many), and filtered (> 50 μm) deionised water: > 1000 μm, 
> 500 μm and > 300 μm. After sieving, the sieve residues 
were filtered via vacuum-filtration on cellulose filters (Ø 
47 mm, LLG-Labware, Meckenheim, Germany), and then 
transferred to glass petri dishes (Ø 90 mm or 200 mm) 
by rinsing with deionised water and drying at 50 °C for 2 
days, according to Prume et al. [48].

To differentiate between organic material and poten-
tial plastic particles, a Nile Red staining procedure 
(20 μg  mL− 1 Nile Red ethanol-acetone (1:1) solution, 
Sigma-Aldrich, Taufkirchen, Germany) was applied 
[49, 50]. Nile Red solution was applied with the help of 
a glass pipette and plastic (PE) spray bottle and stained 
for 10 minutes at 50 °C in a drying chamber [49]. Stained 
petri dishes were afterwards visually inspected system-
atically under a stereomicroscope (SMZ 161 TL, Motic, 
Hong Kong), with fluorescence setup (Excitation: 465 nm 
LED; Emissions 530 nm colour long pass filter: Thor-
labs, Bergkirchen, Germany) and transmitted light [48]. 
This approach allows the visual identification of plastic 
particles, but is disrupted by the fluorescence of natu-
ral organic components in the red fluorescence range 
(e.g., chitin shell ants, freshwater mussel fragments), so 
the exclusion of natural organic particles must be based 
on surface structure (e.g., cell structures) or, in case of 
uncertainty, by spectroscopic analysis. Each fluorescent 
or other potential plastic particle that shows no cellular 
or biologic structure and a clear and homogenic colour 
[51] was collected and individually stored in microplates 
(Brand, Wertheim, Germany). Each particle collected 
was then classified according to surface characteristics 
(particle type, shape, surface degradation, colour), photo-
graphed (Moticam 2, Motic, Hong Kong) and size-meas-
ured (longest diagonal, Motic Images Plus 3.0, Motic, 
Hong Kong) [51, 52]. Surface degradation status has been 
characterized into fresh, incipient alteration and weath-
ered particles, according the presence of visible (40x 
magnification) of cracks, abrasion and colour bleaching.

Polymer type identification for a) previously visually 
determined mesoplastic to coarse microplastic particles 
and b) microplastic particles identified via staining-fluo-
rescence procedure was performed using the Tensor 37 
FTIR spectrometer (Bruker Optics, Ettlingen, Germany) 
combined with a Platinum-ATR-unit (Bruker Optics, 
Ettlingen, Germany). Measurement was carried out 
using 20 background scans followed by 20 sample scans 
for each sample, with a resolution of 4  cm− 1 in a wave-
number range from 4000  cm− 1 to 400  cm− 1 [46, 53, 54]. 
The ATR-unit used is the limiting factor for the lower 
size limit of the particles determined in this study, since 
particles with a size < 300 μm have insufficient contact 
area and are difficult to handle [22]. Quality assurance 
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and contamination control follows the procedures intro-
duced within Weber et al. [22] and include the avoidance 
of plastic materials during field and lab work, contami-
nation control via blank samples during all analysis steps 
and contamination prevention by wearing cotton lab 
coats, filtration (< 50 μm) of all solutions used as well 
as cleaning of all laboratory materials via filtered water. 
Blank samples have shown a contamination with five 
synthetic particles (4 fragments and one fibre) with an 
median size < 300 μm (except a single fibre) and therefore 
below our detection limit (Fig. S5).

Statistics and data evaluation
Data processing, basic statistical operations and data 
visualisation operations were conducted using Micro-
soft Excel (version 1808, Microsoft, Redmond, USA) or 
RStudio (version 1.3.1093, RStudio, PBC, 2020) within an 
R environment (version 4.0.3, R Core Team, 2020). Data 
processing of FTIR spectra was performed in OPUS 7.0, 
including atmospheric compensation and baseline cor-
rection (concave rubber band method) (Bruker Optics, 
Ettlingen, Germany), and in Spectragryph (Version 
1.2.14; Menges, 2020; Oberstdorf, Germany). Spectra 
identification of pre-processed spectra was done via the 
OpenSpecy database using full spectra and Pearson’s r 
with  r2 > 0.6 as match quality indicator [55]. Spatial data 
was processed in ArcGIS (ArcMap version 10.8, Esri 
2019, West Redlands, CA, United States).

In order to allow an effective assessment of spatial con-
tamination differences between plastics and potentially 
toxic metals of interest, we calculated the metal “Pollu-
tion Load Index” (PLI) based on “Single Pollution Index” 
(PI) according to Kowalska et  al. [56] following Eq. (1) 
and Eq. (2):

where Cn is the concentration (mg  kg− 1) of individual 
metals of environmental interest (V, Cr, Co, Ni, Cu, Zn, 
Cd, Hg, Pb) and the metalloid As, and GB is the geo-
chemical background concentration, calculated for the 
individual metals (V: 38.25 mg  kg− 1, Cr: 25.0 mg  kg− 1, 
Co: 8.75 mg  kg− 1, Ni: 24.0 mg  kg− 1, Cu: 13.25 mg  kg− 1, 
Zn: 58.5 mg  kg− 1, Cd: 0.14 mg  kg− 1, Hg: 0.04 mg  kg− 1, 
Pb: 27.0 mg  kg− 1, As: 8.0 mg  kg− 1) based on the aver-
age values from 341 soil samples (64 floodplain silt sub-
strates, 277 floodplain sand substrates) from Hessian 
floodplain soils [57]. As a second measure to assess a 
potential anthropogenic impact on metal concentrations, 
the “Enrichment factor” (EF) was calculated in order to 

(1)PI =
Cn

GB

(2)PLI = n PI1x PI2xPI3xPIn

measure the potential impact of anthropogenic metal 
contamination against geogenic background contents 
[56] following Eq. (3):

where Cn is the concentration of individual metal and 
LV the reference content of Fe concentration (mg  kg− 1) 
[57]. Index values were also evaluated according to Kow-
alska et  al. [56] for PLI levels < 1 as “denote perfection”, 
levels around 1 as “only baseline levels of pollution” and 
levels > 1 with “deterioration of soil quality”, and for EF 
with “deficiency to minimal enrichment” at values < 2 and 
“moderate enrichment” at values between 2 and 5.

Plastic loads were documented as particles per kg soil 
dry weight (p  kg− 1), including the total number of suffi-
cient ATR-FTIR identified particles per sample (sample 
mass 94.0 to 3552.1 g). From 263 particles, previously 
identified visually (> 2 mm, coarse soil fraction) or via 
staining-fluorescence procedure, 35 particles (13.31% of 
all collected particles) were identified as natural organic 
matter with an  r2 between 0.77 and 0.96 for the spectra 
correlation by the OpenSpecy database. These organic 
particles were excluded from the entire data evaluation, 
which means that 228 particles are counted and evalu-
ated as sufficiently  (r2 > 0.6) identified as plastics. Ages 
of possible earliest occurrence (EPO age) were assigned 
to the particles identified based on the year of polymer 
development or start of production, according to Weber 
and Lechthaler [58]. In the case of identified rubber 
particles, EPO age were differentiated between natural 
(EPO: 1820) and synthetic (EPO: 1910) rubbers. Plastics 
identified as polymers grouped as rubbers or resins were 
summarized within the respective group following the 
OpenSpecy grouping. Macro- and mesoplastic loads on 
soil surfaces from sampling at site OKA were reported as 
particles per square meter (p  m2).

All data collected do not display a normal distribution 
(Shapiro-Wilk test) and some data show significant dif-
ferences in variance by group. Normality and homosce-
dasticity of the residuals was checked graphically within 
R, showing no significant variance differences. Com-
parison of means was carried out using the Wilcoxon 
test or Kruskal-Wallis test, using R standard functions. 
Data visualisation was conducted with R standard func-
tions (R Core Team, 2020), “ggplot2” (Wickham, [59]: 
https:// ggplo t2. tidyv erse. org) and “corrplot” (Wei and 
Simko, [60]: https:// github. com/ taiyun/ corrp lot). Spear-
man correlation was performed with a significance level 
of p ≤ 0.05, and correlation coefficients were interpreted 
as: weak  (rSP 0.4 – < 0.6), clear  (rSP 0.6 – < 0.8), and 

(3)EF =

[

Cn
LV

]

sample
[

Cn
LV

]

GB

https://ggplot2.tidyverse.org
https://github.com/taiyun/corrplot
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strong  (rSP > 0.8): https:// CRAN.R- proje ct. org/ packa ge= 
plot3D).

Results
Plastic loads and features
In the floodplain soils along the Nidda River, plastic par-
ticles were found at each transect site and sampling point, 
resulting in a positive rate of 73% of all samples (n = 100) 
which contain plastics. Based on our methodological 
approach we found a false-positive rate (fluorescent but 
no synthetic polymer according ATR-FTIR) of 12.5% for 
Nile Red fluorescent particles and could not measure 
117 particles (28.8%) via ATR-FTIR because of their size 
< 300 μm. In each sample, 0 to 20 particles (average: 2.64 
particles, SD: 3.49) were found; while overall concentra-
tions ranged from 0 p  kg− 1 up to a maximum of 35.82 p 
 kg− 1, with an average of 3.23 p  kg− 1 (± 1.75 p  kg− 1 RSD, 
n = 100). Samples containing no detectable plastic parti-
cles occur mainly at depths > 75 cm, whereas higher con-
centrations can be found in the upper 30 cm of each soil 
column (Table 1).

The extracted and identified plastic particles appeared 
as films (45.8%) and fragments (38.3%), or as filaments, 
pellets and foams (Fig. 2b), with weathered (49.0%), fresh 
(28%) or incipient alteration (23.0%) surface structures. 
The shape composition consists of irregular (71.0%), reg-
ular (25.0%) or rounded (4.0%) shapes; particle colour is 
often transparent or white (49.0%), or bright red (16.0%), 
blue (9.0%) or pink (8.0%), followed by different col-
ours with an individual share ≤6.0% (e.g., black, orange, 
yellow).

Polymer type composition is dominated by low- and 
high-density polyethylene (LDPE and HDPE) making 
up 46.0%, followed by polypropylene (PP, 10.0%), rub-
bers (9.0%), chlorinated or chlorosulfonated polyethylene 

(CPE, CSM, 7.0%) and polyethylene terephthalate (PET, 
6.0%) (Fig. 2a). All identified polymers show a density of 
≤1.2 g  cm3 in pure form, except PET with 1.37 g  cm3 [61], 
which was thus only recorded semi-quantitatively based 
on the density separation method with NaCl.

Plastic particles in the coarse soil fraction (> 2 mm) 
occur in a size range between 2.1 mm and 52.0 mm, with 
an average of 20.68 mm (Fig.  2c), while in the fine soil 
fraction (< 2 mm) particle size ranges between 171.0 μm 
and 1680 μm with an average of 598.6 μm and a clear 
accumulation of outliers over 1000 μm (Fig. 2c).

Additionally, sampling of plastics on the soil surface 
(site OKA) shows an occurrence of 1 p  m2 (OKA-3) to 
1.05 p  m2 (OKA-2). The macroplastics collected occur 
as films (54.8%), fragments (38.7%) or styrofoam (6.5%), 
with mainly irregular and weathered surfaces and an 
average size of 66.3 mm (Table S3). The plastics consist of 
HDPE (35.5%), LDPE (16.1%), PP (12.9%) and other poly-
mers like PET, polyvinyl chloride (PVC), polystyrene (PS) 
or polymethyl methacrylate (PMMA). In some cases, the 
original function of plastic items is still identifiable, for 
example, DIY store shed for flowers, plastic fork, bottle 
cap or food wraps (Fig. S6).

Metal concentrations and soil properties
All of the 10 trace metals analysed, as well as the 
metalloid As, were detectable by ICP-MS meas-
urement with contents above the detection limit. 
In relation to the mean values (n = 100), the con-
tent decreases from Fe (21,026.3 mg  kg− 1) > Zn 
(55.4 mg  kg− 1) > Ni (31.17 mg  kg− 1) > Cr (29.82 mg  kg− 1) > Pb 
(23.78 mg  kg− 1) > Cu (16.58 mg  kg− 1) > V (16.30 mg  kg− 1) > Co 
(10.93 mg  kg− 1) > As (6.63 mg  kg− 1) > Cd (0.28 mg  kg− 1) to 
Hg (0.11 mg  kg− 1). A comparison with geogenic background 
and legislation values is possible for Cr, Ni, Cu, Zn, Cd, Hg 

Table 1 Plastic loads (p  kg− 1) in soil samples (for plastics size range 171 μm – 52 mm)

Sampling depth 
(cm)

Plastic loads (p  kg− 1)

Transect NID Transect MOK Transect OKA Transect FRA

1 2 1 2 3 1 2 3 2 1

0–10 2.92 15.14 11.78 0.00 1.10 4.77 35.82 11.44 7.76 5.80

10–20 4.58 3.61 13.86 0.00 0.00 2.48 19.39 4.93 1.40 4.45

20–30 27.25 4.18 1.26 0.00 2.61 5.16 2.76 2.07 3.98 5.43

30–40 2.22 0.71 3.47 2.27 1.94 2.18 2.57 1.81 2.20 21.27

40–50 0.00 12.00 2.32 1.65 1.87 0.00 1.49 1.92 5.83 0.00

50–75 0.55 0.43 0.14 1.04 1.34 0.44 0.00 0.00 1.71 2.36

75–100 1.01 1.57 2.27 0.00 0.00 0.48 0.77 0.00 2.04 1.40

100–125 0.00 0.00 0.00 5.60 5.18 0.00 1.66 0.00 2.09 0.63

125–150 0.70 0.00 5.11 0.00 3.76 1.80 0.00 0.00 1.45 0.59

150–200 0.00 1.59 1.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00

https://cran.r-project.org/package=plot3D
https://cran.r-project.org/package=plot3D
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and Pb. Mean and median values fall below the worldwide 
average contents of surface horizons [62], but exceed the 
geogenic background values for Hessian floodplain soils in 
the case of Cr, Ni, Cu, Cd and Hg. Legislative precautionary 
values are exceeded by all metals except Hg by the respective 
maxima (Table 2); these levels occur in individual samples at 
sites FRA-1, MOK-1 to MOK-3, NID-2 and OKA-3 at vary-
ing depths between 20 and 200 cm.

With regard to the calculated pollution indices, the PLI 
ranges between 0.4 and 3.2, with a mean of 1.1, just above 
the limit value of 1 at which baseline levels of pollution 
begin. The PLI of maximum concentration values of 3.2 
indicates a partial deterioration of soil quality [56]. The 

values of EF are also comparable, with a mean just above 
the limit where a moderate enrichment can be assumed, 
and maximum values indicating a significant contami-
nant enrichment.

Soil conditions for trace metal behaviour in the flood-
plain soils investigated consist of predominantly silty to 
clayey soils (soil textures: SiCL, SiC, C), OM contents 
range from 1.57 wt% up to 24.91 wt% with an average of 
8.33 wt% and pH values indicate a very weak acidic envi-
ronment with a total average of 6.33 (range 4.90–7.69, 
moderate acid to weak alkaline) (Table S1). Furthermore, 
in groundwater affected Fluvisols or Gleysols, pedo-
genic oxides (Fe, Mn) in Bl-horizons as well as reductive 

Fig. 2 Particle feature composition. a Number of identified polymer types (n = 228) sorted by age of earliest possible occurrence (EPO ages) with 
example of a blue PP film and pink PET fragment (Polymer type abbreviations explained in Table S4); b Particle type composition (n = 228); c Particle 
size composition for particles in coarse soil fraction (> 2 mm) (upper boxplot, n = 35) and fine soil fraction (< 2 mm) (lower boxplot, n = 193) with first 
and third quartile represented by outer box border
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conditions occur (Table S1). Deviations in soil texture 
occur only in subsoils (> 100 cm), where the sand content 
increases locally, and at the middle and lower reaches, 
with average values up to 22.0 wt% (OKA-1) or 30.5 wt% 
(FRA-2). Similarly, organic enrichment occurs through 
deep peat bands or layers with OM contents of 16.2 wt% 
(NID-2, > 125 cm) or 24.9 wt% (MOK-1, > 100 cm).

Spatial distribution of plastics and metals
Contaminants along the river course and floodplain‑cross 
transects
Both contaminants under consideration are present 
within all floodplain soils along the Nidda River course. 
Plastic loads occur with average values between 2.34–
3.92 p  kg− 1 and a variation of ±1.58 p  kg− 1 with no sig-
nificant (p = 0.5106) mean differences along the river 
course (Fig. 3). Highest average values occur at site NID 
(upper middle reaches) with 3.92 p  kg− 1 and upper mid-
dle reaches and lower reaches contain the highest plas-
tic contamination levels with plastic sums per sampling 
site around 39.24 p kg-1 (NID), 41.87 p kg-1 (MOK) and 
41.92 p kg-1 (FRA). Regarding the metal loads, we found 
a slight increase of average EF values per site from NID 
(upper middle reaches) at 2.06, MOK (middle reaches) 
at 2.42 and OKA (upper lower reaches) at 2.44, and then 
decrease to 1.97 at site FRA (lower reaches), with no sig-
nificant mean differences between sites (p = 0.2208). PLI 
shows average PLI values per site < 1 at sites MOK or 
FRA, and PLI > 1 at sites NID or OKA (Table S2).

Plastics within the river cross-transects show no sig-
nificant (p = 0.6916) mean differences between proximal, 

central and distal floodplains. Slightly higher median 
values occur within distal (remote-channel) floodplains 
along the course, while higher values at central site OKA 
are dominated by accumulation of plastics in the arable 
topsoils (Fig.  3a) (Tables S1 and S2). While macro- and 
mesoplastic particles only occur isolated within topsoils 
(plough horizons) of those OKA sites, a general lateral 
sorting of plastic sizes, depending on the distance to the 
channel, could not be determined (Fig. S8). Also, for met-
als we found slightly higher median values within central 
and distal floodplains, but comparable to plastic loads 
without significant differences between sites (Fig. 3b).

Vertical contaminant patterns
In contrast to lateral contaminant distributions, contami-
nant loads and soil properties show clearer vertical pat-
terns across the vertical spatial scale. First, the floodplain 
soils investigated show typical texture and SOM varia-
tions along the sampled depth gradient (Fig. 4). Accumu-
lation of SOM is thereby related to topsoils (A-horizons) 
as well as thin peat bands in deeper soil layers. Soil tex-
ture differences are mainly expressed through low (< 25%) 
sand contents in topsoils and upper soil layers (> 50 cm) 
with alternating clay contents in the upper floodplain 
loams (Fig. 4). While in upper soil layers clays (C), silty 
clays (SiC) and silty clay loams (SiCL) prevail, deeper soil 
layers show primarily silty loams (SiL), loams (L) or sandy 
loams (SL), and loamy sands (LS) (Fig. S10).

Plastics could be determined over the entire depth 
sampled, but with a clear increase in upper (< 50 cm) soil 

Table 2 Summary of trace metal contents compared to geogenic background levels and legislation values with calculated pollution 
indices and their thresholds

a  Pollution Load Index; b Enrichment factor; c Kabata-Pendias [62]; d Friedrich & Lügger [57]; e German Federal Soil Protection Ordinance - BBodSchV [63]; f Pollution 
assessment according to Kowalska et al. [56] with “denote perfection” (PLI) or “deficiency to minimal enrichment” (EF), “baseline level of pollution” (PLI) or “moderate 
enrichment” (EF) and “deterioration of soil quality” (PLI) or “significant enrichment” (EF)

Elemental concentrations Indices

Cr Ni Cu Zn Cd Hg Pb PLIa EFb

mg  kg− 1 (−) (−)

Mean 29.8 31.2 16.6 55.4 0.28 0.11 23.8 1.1 2.2

Median 26.3 27.6 13.5 40.0 0.16 0.07 17.7 0.9 1.8

Min. 9.8 8.7 3.5 17.0 0.05 0.01 8.3 0.4 1.1

Max. 75.4 100.7 55.8 194.5 1.39 0.46 77.1 3.2 5.9

Mean upper soil 0–50 cm 28.6 29.9 15.1 50.1 0.25 0.09 22.9 1.0 2.1

Mean lower soil 50–200 cm 31.1 32.5 18.1 60.8 0.31 0.13 24.6 1.2 2.4

Wilcox p-value upper vs lower 0.52 0.55 0.21 0.34 0.54 0.22 0.73 0.45 0.37

SHWc Average content surface horizons worldwide 60.0 29.0 38.9 0.41 27.0 perfection | low f < 1 < 2

GBHFd Geochemical background in Hessian flood-
plain soils (0–2 m)

25.0 24.0 13.3 58.5 0.14 0.04 27.0 baseline |  moderatef 1 2–5

PVe Precautionary values 60.0 50.0 40.0 150.0 1.00 0.50 70.0 deterioration |  significantf > 1 > 5
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layers, while metal concentrations expressed through 
the PLI show stronger variations across the depth gradi-
ent with different maxima on different depth positions 
(Fig.  4). The individual metals analysed show a variable 
distribution over depth, but with insignificant mean dif-
ferences between deeper soil (50–200 cm) and upper soil 
(0–50 cm) layers (Table 2). Slightly higher mean concen-
trations occur for Cr, Ni, Cu, Zn, Cd, Hg and Pb within 
lower soil layers (> 50 cm) related to the respective max-
ima (Table  2). A combined consideration of the metals 
using the PLI shows a baseline level of contamination 
within the entire soil column with individual peaks at 
proximal floodplains at sites NID (upper middle reach), 
OKA (middle reaches) and FRA (lower reaches) in depths 
below 50 cm (Fig. 4). Vertical mean differences of EF and 
PLI are not significant (p > 0.05).

Clearly significant differences occur in the vertical plas-
tic load distribution (Figs. 4 and 5). While the upper soil 

layers (0–50 cm), consisting of topsoil A-horizons as well 
as upper B-horizons, show an average plastic load of 6.36 
p  kg− 1, the subsoil layers, consisting of B-horizons (50–
200 cm), have a significantly lower mean value of 0.99 p 
 kg− 1 (p < 0.01). The vertical distribution of plastic loads 
shows a clear maximum in the uppermost sampling layer 
(0–10 cm), mostly consistent with A-horizon boundaries, 
with an average of 9.65 p  kg− 1 continuously decreasing 
to a depth of 40–50 cm, with an average of 2.71 p  kg− 1 
and even lower average values ranging between 1.52 p 
 kg− 1 and 0.33 p  kg− 1 below that (Fig.  5d). This vertical 
decrease is comparable to the decrease in mean organic 
matter content (with the exception of layers deeper than 
100 cm which contain peat), and the increase in mean 
sand content from a depth of 50 cm (Fig.  4). Conspicu-
ous accumulation in the vertical distribution occur at 
sampling site NID-1 (27.25 p  kg− 1 at 20–30 cm), MOK-1 
(11.78 p  kg− 1 to 13.86 p  kg− 1 at 0–20 cm), OKA-2 (35.82 

Fig. 3 Contaminants along the river course indicated with river length (km) and grouped according to floodplain positions (proximal, central, 
distal). a Plastic abundance (p  kg− 1) at each sampling point (n = 10) and not significant (ns, p > 0.05) differences between sites; b PLI at each 
sampling point (n = 10) and not significant (ns, p > 0.05) differences between sites

Fig. 4 Vertical distribution of multi-proxy parameters within investigated floodplains soils including plastic loads (p  kg− 1), PLI, sand and clay 
content (%) as well as soil organic matter (SOM) content (%) grouped according floodplain positions (proximal, central, distal). a Sampling site NID 
(upper middle reaches) at river km 62; b Sampling site MOK (middle reaches) at river km 55; c Sampling site OKA (lower middle reaches) at river km 
35; d Sampling site FRA (lower reaches) at river km 2

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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p  kg− 1 to 19.39 p  kg− 1 at 0–20 cm) and FRA-1 (21.27 
p  kg− 1 at 30–40 cm) (Fig. S9). Summarized, the verti-
cal spatial patterns of the contaminants considered, can 
be summarized with a clear accumulation of plastics 
within upper (< 50 cm) soil layers and metal contamina-
tion peaks within 30–40 cm, 75–100 cm and only for EF 
within 150–200 cm depth sections (Fig. 5d–f).

Comparing the vertical spatial patterns of the contami-
nants with soil properties, a statistical correlation of plastics 
or individual metals with soil textures could not be proven 
(p > 0.63 for each texture fraction), although the sand con-
tent increases from the upper to the lower course while 
the clay content decreases (Table S2). Regarding potential 
plastic adsorption processes on clay minerals or micro- to 

macroaggregates, a comparison of mean plastic contents 
with individual clay shares shows no significant (p = 0.3845) 
correlations. However, the influence of soil depth on plastic 
loads is supported by a significantly (p ˂ 0.05) weak nega-
tive correlation  (rSP = − 0.56). Furthermore, plastic loads 
show slight negative correlations with EF  (rSP = − 0.19) and 
PLI values  (rSP = − 0.12). Slight to weak positive correla-
tions  (rSP 0.2–0.6) occur between the river course (km) and 
distance to channel (m) with clay and OM content, as well 
as slight negative correlations with sand content. Notable 
correlations between clay or OM and metals, indicating a 
strong absorbance to clay minerals or humic substances, 
could not be found. Inter-element correlations show clear 
to high positive correlations  (rSP 0.6–1.0), except for lower 

Fig. 5 Vertical spatial differences for plastics and metal contaminations expressed through EF and PLI values. a Plastic abundance (p  kg− 1) for 
upper soil layer (0–50 cm, n = 50) and subsoil layer (50–200 cm, n = 50); b EF for upper soil layer (0–50 cm, n = 50) and subsoil layer (50–200 cm, 
n = 50); c PLI for upper soil layer (0–50 cm, n = 50) and subsoil layer (50–200 cm, n = 50); d Average plastic loads (p  kg− 1) along the sampled depth 
gradient (n = 10 per depth section); e Average EF along the sampled depth gradient (n = 10 per depth section); f Average PLI along the sampled 
depth gradient (n = 10 per depth section)
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correlation coefficients  (rSP ˂0.4) for Cd, Hg, Pb with V, Cr, 
Fe, Co, Ni and partly As (Fig. S11).

Furthermore, a vertical differentiation could be found 
for plastic particle characteristics. Figure  6a indicates 
that particles with a size > 2000 μm (coarse micro-
plastic border) consist mainly of fragments and films, 
whereas smaller particles show a heterogenous distribu-
tion related to particle type, particle size and soil depth 
(Fig. 6).

Deepest soil layers are reached by filaments, fragments 
and films: the share of particle types shows comparable 
values of films (46.43%) and higher values of fragments 
(41.04%) in lower soil layers than in upper layers (films: 
45.40%, fragments  34.48%). Overall, the particle size 
ranged from 171 μm to 52,000 μm (average: 4566.49 μm) 
in upper soil layers (0–50 cm), and smaller average sizes 
of 512.15 μm (242–2700 μm) in lower (50–200 cm) layers. 
The gap of plastics between the 2–10 mm range could be 
traced back to the release of microplastic particles into 
topsoils of two sampled agricultural fields (Fig.  6). The 
share of particle surface characteristics shows an increase 
for weathered particles with depth, from 45.98% in upper 
(0–50 cm) to 62.5% in lower (50–200 cm) soil layers, at 
the cost of fresh and incipient alteration particles. EPO 
ages range in upper and lower layers from 1820 to 1990, 
with an average occurrence of 1938 in upper (0–50 cm), 
and 1941 in lower (50–200 cm) layers, indicating no sig-
nificant polymer age differentiation. The vertical dis-
tribution of EPO ages (Fig.  6b) shows no clustering of 

polymers of the same age at certain soil depths. There 
is no dominant polymer type in the deep soil layers, and 
only two young (> 1990) chlorosulfonated or chlorinated 
polyethylene (CSM/CPE) polymers occur. In general, the 
depth distribution of the youngest CSM/CPE polymer 
group shows an average depth of 23.5 cm and an enrich-
ment in soil layers between 0 and 35 cm (third quartile of 
CSM/CPE depths, n = 24).

Discussion
Plastic abundance
The observed plastic content, ranging from 0 p  kg− 1 up 
to a maximum of 35.82 p  kg− 1, is in the lower range of 
previously determined plastic contents in floodplain 
soils. Even if plastic particle abundances recorded for 
different locations with different methods are difficult to 
compare, our results can be viewed in relation to other 
results using comparable methods and soils (flood-
plain soils). For example, Christensen et  al. [20] found 
plastic loads of 23.0–330.0 p  kg− 1 for particle sizes of 
280–1160 μm (NaCl solution) in three river floodplains 
in Virginia (US), whereas Lechthaler et  al. [18] docu-
ment average loads of 25.4–47.9 p  kg− 1 for plastics with 
a size of 500–5000 μm (canola oil separation) in the 
Inde River floodplain (Germany). Both studies inves-
tigated near-channel depositions (bank profiles, levee 
situations), with a focus on topsoils and single depth 
profiles. Further investigations, based on the same geo-
spatial sampling approach as in the present study, and 

Fig. 6 Depth distribution of plastic particle sizes classified according to a particle type and b age of possible earliest occurrence (EPO ages) for 
whole particle size range



Page 15 of 21Weber et al. Microplastics and Nanoplastics            (2022) 2:25  

conducted in the more rural river system of the Lahn 
River (Hesse, Germany), found loads of 0.62–5.37 p 
 kg− 1 for mesoplastics (> 5 mm) and 0.31–8.59 p  kg− 1 for 
large microplastics (2–5 mm) based on sieving [10], as 
well as 0.36–30.46 p  kg− 1 for microplastics sized 219.0–
8321.0 μm based on NaCl separation of the fine soil frac-
tion (< 2 mm) [22]. The average value of all samples from 
the Nidda River catchment at 3.23 p  kg− 1 is comparable 
to the average values of 2.06 p  kg− 1 (mesoplastics), 1.88 
p  kg− 1 (coarse microplastics) or 2.75 p  kg− 1 for micro-
plastics from the Lahn catchment [10, 22].

With regard to intensive agriculturally utilised flood-
plain soils of the lower Yangtze River floodplain and 
the lower particle size range investigated, the average 
of 37.32 p  kg− 1 (100–500 μm) in 0–80 cm soil depth 
clearly exceeds the Nidda River catchment average [19]. 
In comparison to further studies which examine plastic 
contents in agricultural soils, it becomes clear that these 
clearly exceed the values from the Nidda River floodplain 
[64–66]. This could indicate the role of intensive agricul-
ture in the contribution of plastic inputs. In the Nidda 
catchment, plastic enrichment through agriculture is also 
probable, as for example only 5.5% of farms work with 
organic agriculture. The maximum plastic load (35.83 p 
 kg− 1) and higher values, especially for meso- and macro-
plastic contents, occur where plastic accumulation is also 
visible at the surface (site OKA, agricultural field). Plas-
tic particles collected on soil surfaces at site OKA (Fig. 
S6; Table S3) could be partially identified as parts of con-
sumer articles. The identification of consumer articles 
may also indicate local littering as a potential source. 
At this sampling site, the occurrence of plastics on soil 
surfaces at 1.0–1.05 p  m− 2 is clearly above the value of 
0.021 p  m− 2 (206 p  ha− 1) reported by Piehl et  al. [42] 
for microplastic particles on an agricultural farmland in 
Germany. Nevertheless, the comparability against dif-
ferent studies conducted on agricultural soils is limited, 
especially because different separation solutions are used, 
and different particle sizes are considered. Higher plas-
tic contents in agricultural soils could therefore also be 
caused by the consideration of particles < 300 μm in other 
studies.

With a view to the entire aquatic-terrestrial interface, 
it seems until now, that floodplain soils could contain 
lower plastic loads than river sediments in the active 
channel (riverbed, shore). For example, shore sediments 
of the Main River contain plastic loads of 786.0–1368.0 
p  kg− 1 (63–5000 μm) and values > 50 p  kg− 1 for particles 
> 200 μm directly before and after the inflow of the Nidda 
River [67]. Even in more rural areas, such as the Tisza 
River (eastern central Europe) contents reach values of 
3808 ± 1605 p  kg− 1 (90–5000 μm, zinc chloride solution) 
already in the upper reaches [12]. Both examples exceed 

the plastic loads in the Nidda River floodplain by a mul-
tiple factor which, however, may be traceable in part to 
the examination of smaller particles and different spa-
tial representativeness in the comparative studies. Up to 
now, only the results of Christensen et al. [20], based on 
a cross-transect sampling from river sediments to flood-
plains, suggest equal or slightly increased levels in flood-
plain samples instead of channel samples, while larger 
plastic particles occur in floodplain deposits.

Plastic particle characteristics found in floodplain soils 
of the Nidda River are comparable to other findings from 
floodplain soils, as well as river sediments. Films and 
fragments prevail, followed by filaments and pellets, with 
a typical distribution for soils, with the exception that 
filaments are sometimes dominant in other studies [20, 
64]. Most of the particles show a weathered or incipi-
ent alteration of surface structure, indicating prolonged 
exposure to degradation factors (e.g., physical break, UV-
light) [52, 68, 69]. The increase in the number of parti-
cles with smaller particle size also is a typical distribution 
independent of the environmental media studied [70]. 
Due to the method used, particles < 300 μm could only be 
detected semi-quantitatively here if their size and degra-
dation state allowed a manual ATR-FTIR measurement. 
Therefore, it can be assumed that plastic loads would still 
increase using a lower detection limit, as in studies quan-
tifying particles < 300 μm [19].

The dominant polymer types found correspond to 
those of commonly produced and used polymers in 
Europe (top 10 ranking), like polyethylene (PE), polypro-
pylene (PP), polyethylene terephthalate (PET) or rubbers 
[71]. This polymer composition, resulting from the fre-
quency of use in everyday life, industry, agriculture and 
infrastructure (e.g., rubber car tyre), is also found in most 
soil studies, with fluctuations around the most dominant 
polymer type [4]. Furthermore, a composition following 
the frequency of use is also found in channel bed sedi-
ments and seems to overlap in different river systems [4]. 
For river shore sediments of the Main River, Klein et al.   
[67] found a composition of PE, PP, PVC and dominant 
polystyrene (PS) which occupies only a small share < 6% 
in Nidda River floodplain samples. Based on the density 
separation fluid used here, polymers with a density > 1.2 g 
 cm3 can only be detected semi-quantitatively (e.g., PET). 
However, except for PET, and without taking additives 
into account, the common polymer types show a den-
sity < 1.2 g  cm3. Considering the binding of plastic parti-
cles to and in soil aggregates, the question arises whether 
all particles could be separated [23, 66]. Although manual 
mortaring allows a gentle sample preparation, it does not 
dissolve soil microaggregates in which plastic might still 
be retained [72].
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Besides the methodological limitations described, the 
comparison of plastic contents with other investigations 
results frequently in restrictions based on methodical dif-
ferences. These differences arise from different sampling 
concepts, the sample quantity examined, size classes, and 
the different separation methods. It is therefore difficult 
to evaluate the plastic content against the background of 
a contamination assessment, as is usual for other pollut-
ants. In the previous discussion, mainly studies on flood-
plain soils (mostly near bank and topsoil) which work by 
means of NaCl- or canola oil-based separation were con-
sulted. Against the background of the comparisons made, 
it can be cautiously assumed that the contamination 
level of plastics over the entire soil depth of 2 m is in the 
lower range of known contamination, also with regard to 
smaller particles.

Metal abundance
Trace metals and the metalloid As are present in the 
floodplain soils of the Nidda River catchment. Even if the 
average concentrations of Cr, Ni, Cu, Zn, Cd, Hg and Pb 
fall below the average contents of surface (topsoil) hori-
zons worldwide [62], the exceeding of local geochemi-
cal background values of Cr, Ni, Cd and Hg indicates a 
contamination enrichment of those metals compared to 
other regional floodplains in Hesse (Germany) (Table 2) 
[57]. From a legal perspective, only individual breaches 
of the precautionary values require legal measures (e.g., 
further investigations, risk designation), traceable to the 
absolute maximum values and therefore single enriched 
samples [63]. A pronounced contamination from a single 
element was not detected.

Pollution indices, like the Enrichment factor (EF), or 
Pollution Load Index (PLI), enable an assessment of 
the possible anthropogenic impact on trace metal con-
centrations [56]. Both indices show average values just 
above the threshold values for moderate enrichment 
(EF; > 2) and baseline pollution (PLI; > 1), with a signifi-
cant enrichment for single samples with EF > 5. As both 
indices require a geochemical background value for 
calculation, the exceeding of the thresholds indicates 
a deviation of metal loads from the theoretical natural 
background variation [56, 73]. Elemental concentrations 
and pollution indices show a homogeneous distribution 
over depth with maxima in lower soil layers (> 50 cm) 
(Table  1). This pattern could indicate older contamina-
tion in deeper floodplain sediments, or mobilised trace 
metals that reach deeper soil horizons through relocation 
processes [16, 73]. However, against the background of 
possible metal displacements, the soil properties indicate 
adsorption tendencies. Dominant silty to clayey, organic 
rich Fluvisols and Gleysols, provide good adsorption 
potentials on clay minerals, humic-substances and the 

formation of metal-humus-complexes [73, 74]. Further-
more, adsorbent pedogenic-oxides and reductive con-
ditions in groundwater effected layers, with single peat 
layers in deeper soil sections, can increase the retention 
of metals [73–75]. Additionally, the very weak acid envi-
ronment falls below the pH values for incipient mobili-
sation of Cd, Zn, Ni, but not for Cu, As, Cr, Pb and Hg, 
even in the minima [74, 75].

Due to spatially widespread moderate enrichment and 
baseline contamination by different metals under strong 
adsorption tendencies, anthropogenic impacts on metal 
enrichment can be assumed. Because of the slight verti-
cal differences observed, this vertical pattern could also 
be due to an historical metal input to deeper soil layers 
and a more recent one in upper soil layers. Possible older 
sources of trace metals may include mining in the head-
waters of the Nidda River (Vogelsberg mountains: iron 
ore and basalt mining), as well as early industrial metal 
processing throughout the river catchment [16]. Mining 
and metal industry represent one of the main sources of 
historical metal enrichment in river floodplains before, 
and especially during the Industrial Revolution from the 
1850s onwards [76]. In contrast, recent sources could be 
related to wastewater treatment plants, industrial and 
traffic discharges as point sources, or uptake of polluted 
legacy sediments, as well as erosion on agricultural land 
[73, 77–79]. Former studies, assessing the ecological 
quality and ecotoxicological effects from channel sedi-
ments along the Nidda River, concluded that, other than 
the headwaters, the whole Nidda River is affected by 
anthropogenic chemical contamination (e.g., PAH, PCB, 
metals) [31, 35]. A relationship between anthropogenic 
point sources and ecotoxicological effects could not be 
proved, which leads to the assumption of diffuse sources 
for chemicals and consequently also for metal contami-
nation [31, 35].

Spatial differences between plastic and metal 
contamination
Within our case study, we found that spatial contamina-
tion patterns of plastics and metals differ only along the 
vertical spatial extension. Along the lateral spatial exten-
sion, we found no significant contaminant levels along 
the river course (i) or the floodplain cross-sections (ii) 
(Figs. 3 and 4). However, both contaminants show signifi-
cant differences along vertical depth profiles (iii) (Fig. 5).

Regarding contaminant levels along the river course 
(i) showing no enrichment of plastic loads or heavy 
metal enrichments along the river course (Table S2), the 
hypothesis that plastics accumulate with the river course 
cannot be supported. This finding is supports similar 
findings from other floodplains in Germany [18, 22]. Fur-
ther catchment specific correlations, like the relation of 
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plastic loads to the population densities in the respec-
tive river catchments [20, 21] or the higher abundance of 
plastics in rivers near urbanized areas [80] do not appear 
to be applicable on the Nidda River. In contrast we found 
already higher levels of plastics within the upper reaches 
of the Nidda River, which rises in rural landscapes. This 
finding is supported by the study of Kiss et al. [12], which 
found plastic enrichment in tributaries of the Tisza River, 
indicating a higher emission of plastics also in suburban 
and rural areas. Therefore, suburban to rural areas also 
seem to provide potential plastic and metal sources.

Spatial patterns on the floodplain cross-transect scale 
(ii) seem to result in no significant spatial differentiation 
of plastic loads, characteristics or relationships to soil 
properties (e.g., soil textures). Comparisons to other sci-
entific studies are limited in this case, as until now only 
the work of of Weber and Opp [10], for coarse microplas-
tics and mesoplastics, and the study of Weber et al. [22], 
for medium and large microplastics, have examined plas-
tics across floodplain transversal sections. Both studies 
found a clear enrichment of plastic loads at near-channel 
(proximal) floodplain sites, interpreted as a consequence 
of frequent flood occurrence at levee situations, and eas-
ier plastic retention during floods, due to higher vegeta-
tion density. In contrast, plastic loads in the Nidda River 
floodplain seem to be much more homogeneously dis-
tributed over the floodplain area, and no differentiation 
based on flood dynamics and related sediment deposi-
tion occur. The slight but not significant increase of metal 
enrichment could be traced back to the clear associa-
tion of metal loads with sediment particles, reaching the 
floodplain when flood water overflows the riverbank [81]. 
Following the diffusion mixing model, and water-flow 
velocity slowing with increasing distance from the chan-
nel, metals associated with finer sediment fractions show 
higher concentrations in floodplain zones behind the 
levee (central, distal) [81]. Assuming flood delivery to be 
the dominant source of plastics as well as metal contami-
nation, it can be stated that transport and deposition of 
both contaminants by floodwater is conceivable. The spa-
tial patterns of the metal distribution correspond partly 
to well-known distribution patterns, whereas the plastic 
distribution shows differences to previous findings.

Vertical spatial patterns (iii) of both contaminants, 
which are so far underrepresented especially within plas-
tic case studies, can be considered as the clearest patterns 
with differences between the contaminants. Whereas 
plastic loads showing a clear distinction between upper 
(0–50 cm) and lower (50–200 cm) soil layers (Figs.  4 
and 5), metal loads or pollution indices showing differ-
ent enrichments within two or three depth positions 
below 40 cm. A plastic accumulation within uppermost 
topsoils, and an overall decrease in concentrations with 

increasing depth, was also found by the few studies that 
have investigated different soil depths [10, 65], while the 
work of Cao et al. [19] documents renewed increases of 
concentration below 40 cm depth in agricultural soils. 
Metal contamination tendencies between 40 and 120 cm 
depth for PLI levels, show no significant mean differences 
between different soil sections caused by the high data 
variability. Assuming a more or less low mobility of met-
als, due to good adsorption conditions in the floodplain 
soils examined, this pattern can probably be attributed 
to deposition processes of metals bound to sediments 
[17, 81]. With regard to the assumption that fluvial pro-
cesses lead to the deposition and accumulation of plastics 
as well as metals in floodplain soils, no further indicator, 
like a relationship to soil texture [18, 19], or a clear strati-
graphic distinction, could be found. Nevertheless, other 
surface discharge pathways for microplastics, such as 
surface runoff on slopes, can be excluded for the studied 
floodplains, as all study sites have no direct connection 
to slopes (e.g., through roads). Beside agricultural activi-
ties contributing to plastic deposits, plastic can origi-
nate from the river and deposited via flood water since 
further sources, except for atmospheric deposition, are 
excludable.

The vertical spatial contaminant patterns could also 
reflect a temporal sequence of dynamic sedimentation 
and erosion processes, based on the vertical forma-
tion of floodplains. From this background, the question 
arises whether different time periods for the input of 
the two contaminants could be relevant? Although no 
clear temporal differentiation could be established by 
EPO ages, the increase in plastic loads between 50 and 
30 cm, depending on the sampling point, suggests that 
deposition of plastic started at these depths, begin-
ning in the 1950s at the earliest. Assuming plastics load 
increases as a general marker for sediment dating, the 
upper soil layers containing significant enriched plas-
tic loads could have been deposited after the 1950s [58, 
82]. The application as a general marker also works when 
plastic is shifted vertically (e.g., by bioturbation), as sig-
nificant content increases can be seen in the upper soil 
section [58]. In contrast, and although the metal inputs 
have not stopped in recent times, deeper metal accumu-
lations may indicate earlier impacts (e.g., mining, indus-
try), with maximum accumulation since the 1850s, and 
before widespread environmental protection laws in the 
1960s [73]. This assumption could be supported by the, in 
some cases, strong inter-element correlations (Fig. S11), 
indicating a combined metal contamination from simi-
lar long-term sources with the same origin and control-
ling factors [83, 84]. Even though the concentrations in 
deeper soil layers decrease significantly, the results from 
the Nidda River indicate that plastic particles can shift 
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vertically, as was also shown for larger particles by Weber 
and Opp [10], and smaller particles by Cao et al. [19] and 
Weber et al. [22]. The size distribution of plastic particles 
found here, with the occurrence of coarse microplastics 
(> 2000 μm) only in upper soil layers and a considerably 
smaller particle size average in deep layers, suggests that 
smaller particles can more easily reach deeper soil sec-
tions. This result is supported by the findings of Rehm 
et al. [23], showing that microplastic particles with a size 
of 53–100 μm tend to be carried vertically in soils more 
than larger particles. Possible transport paths through 
the soil, depending on the particle size, are assumed to be 
the pore space (macropores) or preferential flow paths, 
but also transport by soil organisms (earthworms) [23, 
85–87].

In general, it can be summarized that a spatial homoge-
nous distribution, mainly independent from local site and 
soil features, exists for each contaminant. Despite spatial 
comparisons, possible interactions between plastics and 
metals could not be identified in this study. Although the 
spatial differences of both contaminants were studied, no 
correlations between plastic content and individual ele-
ments exist.

Anthropogenic activities might directly impact distribution 
of plastics
Despite the general spatial distribution of plastic loads 
in floodplain soils of the Nidda River, the question arises 
whether there are high accumulations of plastics per site 
(Fehler! Verweisquelle konnte nicht gefunden werden.), 
exclusively related to the vertical distribution. Trace 
metal concentrations and pollution indices show only 
minor outliers, which can usually be associated with indi-
vidual deep-lying soil layers and single-element enrich-
ments (Figs. 4 and 5). In contrast, four significant, vertical 
outliers of plastic loads could be found in the cores NID-
1, MOK-1, OKA-2 and FRA-1. Thus, at each sampling 
site one soil column shows a concentration of 13.86–
27.25 p  kg− 1, exceeding the average value of the respec-
tive profile by 3.3 to 6.9 times (Fig. S9, Table S2). The 
first assumption that these enrichments are attributed to 
flood processes could not be confirmed, because none of 
the four sites has a special micro-morphology (e.g., flood 
channel, depression) (Fig. S1) [17, 88]. Also, an influence 
from outside the floodplain, such as slope erosion and 
surface flow [23] can be excluded, since either no lower 
slopes are present (sites: FRA, OKA) or these are sepa-
rated by roads (sites: NID, MOK).

In contrast, a relationship is evident at the OKA site 
between macro- and mesoplastic accumulations on 
the soil surface of the agricultural fields at OKA-2 (dis-
tal) as well as OKA-3 (proximal) and the enrichment of 
microplastic loads ranging between 35.82–19.39 p  kg− 1 

(0–20 cm, OKA-2) or 11.44–4.93 p  kg− 1 (10–20 cm, 
OKA-3) in ploughed topsoil. The marked decrease of 
concentrations with depth could be due to compaction 
by tillage below the Ap horizons [10]. Even if it is obvi-
ous to seek the source for this enrichment in agriculture, 
local littering cannot be ruled out. As no plasticulture 
was carried out on the field, the findings of macro- and 
mesoplastic may indicate an application of a compost or 
sewage sludge (origin of some plastic pieces still recog-
nisable) [89, 90]. However, according to information pro-
vided by the land tenant (anonymous for data protection 
reasons), only fertilization with manure has been car-
ried out in recent years. Because this information is not 
verifiable, the entire range of possible agricultural plastic 
input, from fertilizer application to machine abrasion, or 
local littering cannot be retraced.

For the remaining enriched sites, the soil stratigraphy 
shows slight layer differences for the sites MOK-1 and 
FRA-1, but not in NID-1, and likewise without changes 
in soil texture. However, with consideration of land use 
changes (Figs. S2 and S3), it becomes clear that these 
sites were immediately adjacent to earthworks for con-
struction purposes (bridge construction, site FRA-1) and 
floodplain and river restoration (sites NID-1 and MOK-1) 
during the 2000s and 2010s. The influence of restoration 
on microplastic loads in near-channel deposits, through a 
remobilisation of deposited plastics and a high and young 
sedimentary activity, was also found in the lower reaches 
of the Inde River (Germany) [18].

Therefore, direct anthropogenic impacts like tillage and 
fertilization, as well as earthworks for building or restora-
tion purposes, might have an influence on the microplas-
tic abundances found in this study.

Conclusion
With the results of our case study, we were able to dem-
onstrate that there are detectable plastic and metal con-
taminations within the lower range of known MP loads 
and metal enrichments in a further typical floodplain 
soilscape in Central Europe. Regarding the hypothesis of 
this case study, we were able to identify increased con-
taminant presence already within upper stream sections 
within rural areas (hypothesis 1). Furthermore, vertical 
contaminant pattern indicates a sequence of younger 
plastic deposits and older metal deposits within the stud-
ied floodplain soilscapes, which allows to assume dif-
ferent time periods of deposition and maybe different 
mobilities within floodplain soilscapes (hypothesis 2). 
Additionally, direct short to long-term anthropogenic 
impacts (e.g., agriculture, tillage, earthworks) seems to 
impact the contaminants distribution patterns on local 
scales (hypothesis 3).
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In summary, our case study illustrates the role of 
floodplain soilscapes as temporal sinks for plastics 
and metals as well as the role of catchment-specific or 
site-specific properties like land use and site history on 
plastic and metal distribution. Based on our results we 
can conclude that within floodplain soilscapes, agricul-
ture and flood processes could be interpreted as emit-
ting and spreading agents for plastics and metals, while 
earthworks and renaturation could be seen as redistrib-
uting agents especially for plastics. The alongside pres-
ence but different spatial patterns of both contaminants 
considered within this study allow the following recom-
mendations for future research on plastics and metals 
within floodplains:

1. We recommend more efforts on the investigation of 
MPs and metals within river headwaters, their small-
scale floodplain soilscapes and freshwater systems 
for a better understanding of contaminant discharge, 
recent contaminant sources and transports in those 
“remote” areas.

2. We recommend the detailed consideration of geobio-
chemical interactions between plastics, metals and 
the soil matrix within floodplain soilscapes, in order 
to understand possible risks from multiple contami-
nation frameworks within floodplain ecosystems in 
future.

3. We recommend an enhanced practice of spatial sam-
pling approaches including the analysis of subsoils 
and multiple contaminant sources or anthropogenic 
redistribution agents, to quantify different impacts 
on MP and metal distributions on different spatial 
scales.

Abbreviations
ATR : Attenuated Total Reflection; EF: Enrichment Factor; FRA : Frankfurt (loca-
tion name); FTIR: Fourier-transform infrared spectroscopy; HQ: Flood; ICP-MS: 
Inductively Coupled Plasma - Mass Spectrometry; MOK: Mockstadt (location 
name); MP: Microplastic; MQ: Mean discharge; NID: Nidda (location name); NP: 
Nanoplastic; OKA : Okarben (location name); OM: Organic matter; PAHs: Poly-
cyclic Aromatic Hydrocarbons; PLI: Pollution Load Index; Polymer abbrevia-
tions (e.g., PE): Listed in Table S4; WWTP: Waste Water Treatment Plant.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s43591- 022- 00044-0.

Additional file 1. 

Acknowledgements
We acknowledge the support by all landowners who granted access to their 
land as well as the Wetteraukreis for a landscape protection area permit. 
Furthermore, we thank Alexander Santowski for his assistance during 

fieldwork. Finally, we thank the anonymous reviewers for their comments and 
improvements on the manuscript.

Authors’ contributions
Conceptualisation, C.J.W. and C.O.; Methodology, C.J.W. and J.A.P.; Validation, 
C.J.W.; Formal Analyses, C.J.W.; Investigation, C.J.W.; Resources, C.J.W., C.O., M.K. 
and P.C.; Data Curation, C.J.W., Writing – Original Draft, C.J.W., Writing – Review 
& Editing, C.J.W., C.O., J.A.P. and M.K., Visualisation, C.J.W.; Supervision, C.O. and 
M.K.; Project Administration, C.J.W.; Funding Acquisition, C.J.W. and C.O. The 
author(s) read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. The authors 
acknowledge the funding of this work by the Hessian Agency of Nature Con-
servation, Environment and Geology (Hesse, Germany), and PhD Scholarship 
from the Marburg University Research Academy (MARA) for C.J.W.

Availability of data and materials
The dataset generated and/or analysed during the current study as well as 
the exact sampling point positions are available in: Meso- and microplastic 
distribution and heavy metal contaminations in floodplains of the Nidda River 
(Germany). figshare. Dataset. https:// doi. org/ 10. 6084/ m9. figsh are. 17714 909. v2

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Geography, Philipps-Universität Marburg, 35032 Marburg, 
Germany. 2 Institute of Applied Geoscience, Technical University of Darmstadt, 
64287 Darmstadt, Germany. 3 Department of Physics, Philipps-Universität 
Marburg, 35032 Marburg, Germany. 4 Bayreuth Graduate School of Mathemati-
cal and Natural Sciences (BayNAT), University of Bayreuth, 95447 Bayreuth, 
Germany. 

Received: 2 July 2022   Accepted: 12 October 2022

References
 1. Syberg K, Nielsen MB, Oturai NB, Clausen LP, Ramos TM, Hansen SF. 

Circular economy and reduction of micro(nano)plastics contamination. J 
Hazard Mater Adv. 2022. https:// doi. org/ 10. 1016/j. hazadv. 2022. 100044.

 2. Qi R, Jones DL, Li Z, Liu Q, Yan C. Behavior of microplastics and plastic film 
residues in the soil environment: A critical review. Sci Total Environ. 2020. 
https:// doi. org/ 10. 1016/j. scito tenv. 2019. 134722.

 3. Zhang B, Yang X, Chen L, Chao J, Teng J, Wang Q. Microplastics in soils: a 
review of possible sources, analytical methods and ecological impacts. J 
Chem Technol Biotechnol. 2020. https:// doi. org/ 10. 1002/ jctb. 6334.

 4. Koutnik VS, Leonard J, Alkidim S, DePrima FJ, Ravi S, Hoek EMV, et al. 
Distribution of microplastics in soil and freshwater environments: Global 
analysis and framework for transport modelling. Environ Pollut. 2021. 
https:// doi. org/ 10. 1016/j. envpol. 2021. 116552.

 5. Selonen S, Dolar A, Jemec Kokalj A, Skalar T, Parramon Dolcet L, Hurley 
R, et al. Exploring the impacts of plastics in soil - The effects of polyester 
textile fibers on soil invertebrates. Sci Total Environ. 2020. https:// doi. org/ 
10. 1016/j. scito tenv. 2019. 134451.

 6. Wang W, Ge J, Yu X, Li H. Environmental fate and impacts of microplastics 
in soil ecosystems: Progress and perspective. Sci Total Environ. 2020. 
https:// doi. org/ 10. 1016/j. scito tenv. 2019. 134841.

 7. Hartmann NB, Hüffer T, Thompson RC, Hassellöv M, Verschoor A, Dau-
gaard AE, et al. Are We Speaking the Same Language? Recommendations 

https://doi.org/10.1186/s43591-022-00044-0
https://doi.org/10.1186/s43591-022-00044-0
https://doi.org/10.6084/m9.figshare.17714909.v2
https://doi.org/10.1016/j.hazadv.2022.100044
https://doi.org/10.1016/j.scitotenv.2019.134722
https://doi.org/10.1002/jctb.6334
https://doi.org/10.1016/j.envpol.2021.116552
https://doi.org/10.1016/j.scitotenv.2019.134451
https://doi.org/10.1016/j.scitotenv.2019.134451
https://doi.org/10.1016/j.scitotenv.2019.134841


Page 20 of 21Weber et al. Microplastics and Nanoplastics            (2022) 2:25 

for a Definition and Categorization Framework for Plastic Debris. Environ 
Sci Technol. 2019. https:// doi. org/ 10. 1021/ acs. est. 8b052 97.

 8. International Organization for Standardization: Plastics — Environmental 
aspects — State of knowledge and methodologies. 2020. https:// www. 
iso. org/ obp/ ui/# iso: std: iso: tr: 21960: ed-1: v1: en. Accessed 3 Aug 2021.

 9. Andrady AL. The plastic in microplastics: A review. Mar Pollut Bull. 2017. 
https:// doi. org/ 10. 1016/j. marpo lbul. 2017. 01. 082.

 10. Weber CJ, Opp C. Spatial patterns of mesoplastics and coarse microplas-
tics in floodplain soils as resulting from land use and fluvial processes. 
Environ Pollut. 2020. https:// doi. org/ 10. 1016/j. envpol. 2020. 115390.

 11. Nardi F, Annis A, Di Baldassarre G, Vivoni ER, Grimaldi S. GFPLAIN250m, a 
global high-resolution dataset of Earth’s floodplains. Scientific data. 2019. 
https:// doi. org/ 10. 1038/ sdata. 2018. 309.

 12. Kiss T, Fórián S, Szatmári G, Sipos G. Spatial distribution of microplastics in 
the fluvial sediments of a transboundary river - A case study of the Tisza 
River in Central Europe. Sci Total Environ. 2021. https:// doi. org/ 10. 1016/j. 
scito tenv. 2021. 147306.

 13. Lechthaler S, Waldschläger K, Stauch G, Schüttrumpf H. The Way of 
Macroplastic through the Environment. Environments. 2020. https:// doi. 
org/ 10. 3390/ envir onmen ts710 0073.

 14. Siegfried M, Koelmans AA, Besseling E, Kroeze C. Export of microplastics 
from land to sea. A modelling approach. Water Res. 2017. https:// doi. org/ 
10. 1016/j. watres. 2017. 10. 011.

 15. Edgeworth M. Fluid Pasts - Archaeology of flow. London: Bristol Classical 
Press; 2011.

 16. Dudka S, Adriano DC. Environmental impacts of metal ore mining and 
processing: A review. J Environ Qual. 1997. https:// doi. org/ 10. 2134/ jeq19 
97. 00472 42500 26000 30003x.

 17. Lair GJ, Zehetner F, Fiebig M, Gerzabek MH, van Gestel CAM, Hein T, et al. 
How do long-term development and periodical changes of river-flood-
plain systems affect the fate of contaminants? Results from European 
rivers. Environ Pollut. 2009. https:// doi. org/ 10. 1016/j. envpol. 2009. 06. 004.

 18. Lechthaler S, Esser V, Schüttrumpf H, Stauch G. Why analysing microplas-
tics in floodplains matters: application in a sedimentary context. Environ 
Sci: Processes Impacts. 2021. https:// doi. org/ 10. 1039/ D0EM0 0431F.

 19. Cao L, Di W, Liu P, Hu W, Xu L, Sun Y, et al. Occurrence, distribution and 
affecting factors of microplastics in agricultural soils along the lower 
reaches of Yangtze River, China. Sci Total Environ. 2021. https:// doi. org/ 10. 
1016/j. scito tenv. 2021. 148694.

 20. Christensen ND, Wisinger CE, Maynard LA, Chauhan N, Schubert JT, 
Czuba JA, et al. Transport and characterization of microplastics in inland 
waterways. J Water Process Eng. 2020. https:// doi. org/ 10. 1016/j. jwpe. 
2020. 101640.

 21. Scheurer M, Bigalke M. Microplastics in Swiss Floodplain Soils. Environ Sci 
Technol. 2018. https:// doi. org/ 10. 1021/ acs. est. 7b060 03.

 22. Weber CJ, Opp C, Prume JA, Koch M, Andersen TJ, Chifflard P. Deposition 
and in-situ translocation of microplastics in floodplain soils. Sci Total 
Environ. 2021. https:// doi. org/ 10. 1016/j. scito tenv. 2021. 152039.

 23. Rehm R, Zeyer T, Schmidt A, Fiener P. Soil erosion as transport pathway 
of microplastic from agriculture soils to aquatic ecosystems. Sci Total 
Environ. 2021. https:// doi. org/ 10. 1016/j. scito tenv. 2021. 148774.

 24. He B, Smith M, Egodawatta P, Ayoko GA, Rintoul L, Goonetilleke A. Disper-
sal and transport of microplastics in river sediments. Environ Pollut. 2021. 
https:// doi. org/ 10. 1016/j. envpol. 2021. 116884.

 25. Hurley R, Woodward J, Rothwell JJ. Microplastic contamination of river 
beds significantly reduced by catchment-wide flooding. Nat Geosci. 
2018. https:// doi. org/ 10. 1038/ s41561- 018- 0080-1.

 26. Catrouillet C, Davranche M, Khatib I, Fauny C, Wahl A, Gigault J. Metals in 
microplastics: determining which are additive, adsorbed, and bioavail-
able. Environ Sci Processes Impacts. 2021. https:// doi. org/ 10. 1039/ D1EM0 
0017A.

 27. Hahladakis JN, Velis CA, Weber R, Iacovidou E, Purnell P. An overview 
of chemical additives present in plastics: Migration, release, fate and 
environmental impact during their use, disposal and recycling. J Hazard 
Mater. 2018. https:// doi. org/ 10. 1016/j. jhazm at. 2017. 10. 014.

 28. Munier B, Bendell LI. Macro and micro plastics sorb and desorb metals 
and act as a point source of trace metals to coastal ecosystems. PLoS 
One. 2018. https:// doi. org/ 10. 1371/ journ al. pone. 01917 59.

 29. Verla AW, Enyoh CE, Verla EN, Nwarnorh KO. Microplastic–toxic chemical 
interaction: a review study on quantified levels, mechanism and implica-
tion. SN Appl Sci. 2019. https:// doi. org/ 10. 1007/ s42452- 019- 1352-0.

 30. Yu H, Zhang Z, Zhang Y, Fan P, Xi B, Tan W. Metal type and aggregate 
microenvironment govern the response sequence of speciation transfor-
mation of different heavy metals to microplastics in soil. Sci Total Environ. 
2021. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 141956.

 31. Schweizer M, Dieterich A, Corral Morillas N, Dewald C, Miksch L, Nelson 
S, et al. The importance of sediments in ecological quality assessment of 
stream headwaters: embryotoxicity along the Nidda River and its tributar-
ies in Central Hesse, Germany. Environ Sci Eur. 2018. https:// doi. org/ 10. 
1186/ s12302- 018- 0150-4.

 32. Lang A, Nolte S. The chronology of Holocene alluvial sediments from the 
Wetterau, Germany, provided by optical and 14C dating. The Holocene. 
1999. https:// doi. org/ 10. 1191/ 2F095 96839 96751 19300.

 33. Jockenhövel A. Die Jungsteinzeit [Early Neolithic, in German]. In:  Jocken-
hövel A. The Prehistory of Hesse [in German]. Stuttgart: Theiss; 1990.

 34. Kühn P, Lehndorff E, Fuchs M. Lateglacial to Holocene pedogenesis and 
formation of colluvial deposits in a loess landscape of Central Europe 
(Wetterau, Germany). Catena. 2017. https:// doi. org/ 10. 1016/j. catena. 2017. 
02. 015.

 35. Brettschneider DJ, Misovic A, Schulte-Oehlmann U, Oetken M, Oehlmann 
J. Detection of chemically induced ecotoxicological effects in rivers of the 
Nidda catchment (Hessen, Germany) and development of an ecotoxi-
cological. Water Framework Directive–compliant assessment system. 
Environ Sci Eur. 2019. https:// doi. org/ 10. 1186/ s12302- 019- 0190-4.

 36. Hessian State Statistical Office: Hessische Gemeindestatistik, Gemeinden 
in Hessen [Hessian Municipal Statistics, Municipalities in Hesse, in Ger-
man]. 2021. https:// stati stik. hessen. de/ publi katio nen/ thema tische- veroe 
ffent lichu ngen/ gemei nden- hessen. Accessed 3 Aug 2021.

 37. Regional Council Darmstadt. Flood risk management plan for the water 
system of the river Nidda (in German). Darmstadt: Regional Council 
Darmstadt; 2015.

 38. Weihrauch C. Dynamics need space – A geospatial approach to soil 
phosphorus’ reactions and migration. Geoderma. 2019. https:// doi. org/ 
10. 1016/j. geode rma. 2019. 05. 025.

 39. FAO. Guidelines for soil description. 4th ed. Rome: Food and Agriculture 
Organization of the United Nations; 2006.

 40. IUSS Working Group. World reference base for soil resources 2014, update 
2015: International soil classification system for naming soils and creating 
legends for soil maps. Rome: FAO; 2015.

 41. Ad-hoc AG Boden. Bodenkundliche Kartieranleitung. 5th ed. Stuttgart: 
Schweizerbart; 2005.

 42. Piehl S, Leibner A, Löder MGJ, Dris R, Bogner C, Laforsch C. Identification 
and quantification of macro- and microplastics on an agricultural farm-
land. Sci Rep. 2018. https:// doi. org/ 10. 1038/ s41598- 018- 36172-y.

 43. Durner W, Iden SC, Unold G. The integral suspension pressure method 
(ISP) for precise particle-size analysis by gravitational sedimentation. 
Water Resour Res. 2017. https:// doi. org/ 10. 1002/ 2016W R0198 30.

 44. Thomas R. A Beginner’s Guide to ICP-MS. Spectroscopy. 2001; https:// 
www. spect rosco pyonl ine. com/ view/ chall enges- of- spect roflu orome try- 
part-1- colle ct- data- right- the- first- time.

 45. Voica C, Dehelean A, Iordache A, Geana I. Method validation for determi-
nation of metals in soils by ICP-MS, Romanian Reports in Physics; 2012. p. 
221–31.

 46. Jung MR, Horgen FD, Orski SV, Rodriguez CV, Beers KL, Balazs GH, et al. 
Validation of ATR FT-IR to identify polymers of plastic marine debris, 
including those ingested by marine organisms. Mar Pollut Bull. 2018. 
https:// doi. org/ 10. 1016/j. marpo lbul. 2017. 12. 061.

 47. Imhof HK, Schmid J, Niessner R, Ivleva NP, Laforsch C. A novel, highly 
efficient method for the separation and quantification of plastic particles 
in sediments of aquatic environments. Limnol Oceanogr Methods. 2012. 
https:// doi. org/ 10. 4319/ lom. 2012. 10. 524.

 48. Prume JA, Gorka F, Löder MG. From sieve to microscope: An efficient 
technique for sample transfer in the process of microplastics’ quantifica-
tion. MethodsX. 2021. https:// doi. org/ 10. 1016/j. mex. 2021. 101341.

 49. Konde S, Ornik J, Prume JA, Taiber J, Koch M. Exploring the potential of 
photoluminescence spectroscopy in combination with Nile Red staining 
for microplastic detection. Mar Pollut Bull. 2020. https:// doi. org/ 10. 1016/j. 
marpo lbul. 2020. 111475.

 50. Maes T, Jessop R, Wellner N, Haupt K, Mayes AG. A rapid-screening 
approach to detect and quantify microplastics based in fluorescent tag-
ging with Nile Red. Sci Rep. 2017. https:// doi. org/ 10. 1038/ srep4 4501.

https://doi.org/10.1021/acs.est.8b05297
https://www.iso.org/obp/ui/#iso:std:iso:tr:21960:ed-1:v1:en
https://www.iso.org/obp/ui/#iso:std:iso:tr:21960:ed-1:v1:en
https://doi.org/10.1016/j.marpolbul.2017.01.082
https://doi.org/10.1016/j.envpol.2020.115390
https://doi.org/10.1038/sdata.2018.309
https://doi.org/10.1016/j.scitotenv.2021.147306
https://doi.org/10.1016/j.scitotenv.2021.147306
https://doi.org/10.3390/environments7100073
https://doi.org/10.3390/environments7100073
https://doi.org/10.1016/j.watres.2017.10.011
https://doi.org/10.1016/j.watres.2017.10.011
https://doi.org/10.2134/jeq1997.00472425002600030003x
https://doi.org/10.2134/jeq1997.00472425002600030003x
https://doi.org/10.1016/j.envpol.2009.06.004
https://doi.org/10.1039/D0EM00431F
https://doi.org/10.1016/j.scitotenv.2021.148694
https://doi.org/10.1016/j.scitotenv.2021.148694
https://doi.org/10.1016/j.jwpe.2020.101640
https://doi.org/10.1016/j.jwpe.2020.101640
https://doi.org/10.1021/acs.est.7b06003
https://doi.org/10.1016/j.scitotenv.2021.152039
https://doi.org/10.1016/j.scitotenv.2021.148774
https://doi.org/10.1016/j.envpol.2021.116884
https://doi.org/10.1038/s41561-018-0080-1
https://doi.org/10.1039/D1EM00017A
https://doi.org/10.1039/D1EM00017A
https://doi.org/10.1016/j.jhazmat.2017.10.014
https://doi.org/10.1371/journal.pone.0191759
https://doi.org/10.1007/s42452-019-1352-0
https://doi.org/10.1016/j.scitotenv.2020.141956
https://doi.org/10.1186/s12302-018-0150-4
https://doi.org/10.1186/s12302-018-0150-4
https://doi.org/10.1191/2F095968399675119300
https://doi.org/10.1016/j.catena.2017.02.015
https://doi.org/10.1016/j.catena.2017.02.015
https://doi.org/10.1186/s12302-019-0190-4
https://statistik.hessen.de/publikationen/thematische-veroeffentlichungen/gemeinden-hessen
https://statistik.hessen.de/publikationen/thematische-veroeffentlichungen/gemeinden-hessen
https://doi.org/10.1016/j.geoderma.2019.05.025
https://doi.org/10.1016/j.geoderma.2019.05.025
https://doi.org/10.1038/s41598-018-36172-y
https://doi.org/10.1002/2016WR019830
https://www.spectroscopyonline.com/view/challenges-of-spectrofluorometry-part-1-collect-data-right-the-first-time
https://www.spectroscopyonline.com/view/challenges-of-spectrofluorometry-part-1-collect-data-right-the-first-time
https://www.spectroscopyonline.com/view/challenges-of-spectrofluorometry-part-1-collect-data-right-the-first-time
https://doi.org/10.1016/j.marpolbul.2017.12.061
https://doi.org/10.4319/lom.2012.10.524
https://doi.org/10.1016/j.mex.2021.101341
https://doi.org/10.1016/j.marpolbul.2020.111475
https://doi.org/10.1016/j.marpolbul.2020.111475
https://doi.org/10.1038/srep44501


Page 21 of 21Weber et al. Microplastics and Nanoplastics            (2022) 2:25  

 51. Noren F. Small plastic particles in Coastal Swedish waters: KIMO Sweden; 
2012.

 52. Hidalgo-Ruz V, Gutow L, Thompson RC, Thiel M. Microplastics in the 
marine environment: a review of the methods used for identification 
and quantification. Environ Sci Technol. 2012. https:// doi. org/ 10. 1021/ 
es203 1505.

 53. Primpke S, Lorenz C, Rascher-Friesenhausen R, Gerdts G. An automated 
approach for microplastics analysis using focal plane array (FPA) FTIR 
microscopy and image analysis. Anal Methods. 2017. https:// doi. org/ 
10. 1039/ C6AY0 2476A.

 54. Primpke S, Wirth M, Lorenz C, Gerdts G. Reference database design for 
the automated analysis of microplastic samples based on Fourier trans-
form infrared (FTIR) spectroscopy. Anal Bioanal Chem. 2018. https:// doi. 
org/ 10. 1007/ s00216- 018- 1156-x.

 55. Cowger W, Steinmetz Z, Gray A, Munno K, Lynch J, Hapich H, et al. 
Microplastic Spectral Classification Needs an Open Source Community: 
Open Specy to the Rescue! Anal Chem. 2021. https:// doi. org/ 10. 1021/ 
acs. analc hem. 1c001 23.

 56. Kowalska JB, Mazurek R, Gąsiorek M, Zaleski T. Pollution indices as 
useful tools for the comprehensive evaluation of the degree of soil 
contamination - A review. Environ Geochem Health. 2018. https:// doi. 
org/ 10. 1007/ s10653- 018- 0106-z.

 57. Friedrich K, Lügger K. Hintergrundwerte von Spurenstoffen in hes-
sischen Böden. Wiesbaden: Hessian Agency of Nature Conservation, 
Environment and Geology (HLNUG); 2011.

 58. Weber CJ, Lechthaler S. Plastics as a stratigraphic marker in fluvial 
deposits. Anthropocene. 2021. https:// doi. org/ 10. 1016/j. ancene. 2021. 
100314.

 59. Wickham H. ggplot 2 Elegant Graphics for Data Analysis. Springer. 2016. 
https:// doi. org/ 10. 1007/ 978-3- 319- 24277-4.

 60. Wei T. Simko V. R Package “Corrplot”: Visualization of a Correlation Matrix 
(Version 0.84). 2017. https:// github. com/ taiyun/ corrp lot. (last access: 
10.09.2021).

 61. Cutroneo L, Reboa A, Geneselli I, Capello M. Considerations on salts used 
for density separation in the extraction of microplastics from sediments. 
Mar Pollut Bull. 2021. https:// doi. org/ 10. 1016/j. marpo lbul. 2021. 112216.

 62. Kabata-Pendias A. Trace elements in soils and plants. 4th ed. Boca Raton: 
CRC Press; 2011.

 63. Bundesregierung: Bundes-Bodenschutz- und Altlastenverordnung BBod-
SchV, 1998.

 64. Corradini F, Meza P, Eguiluz R, Casado F, Huerta-Lwanga E, Geissen V. 
Evidence of microplastic accumulation in agricultural soils from sewage 
sludge disposal. Sci Total Environ. 2019. https:// doi. org/ 10. 1016/j. scito 
tenv. 2019. 03. 368.

 65. Liu M, Lu S, Song Y, Lei L, Hu J, Lv W, et al. Microplastic and mesoplastic 
pollution in farmland soils in suburbs of Shanghai, China. Environ Pollut. 
2018. https:// doi. org/ 10. 1016/j. envpol. 2018. 07. 051.

 66. Zhang GS, Liu YF. The distribution of microplastics in soil aggregate frac-
tions in southwestern China. Sci Total Environ. 2018. https:// doi. org/ 10. 
1016/j. scito tenv. 2018. 06. 004.

 67. Klein S, Worch E, Knepper TP. Occurrence and Spatial Distribution of 
Microplastics in River Shore Sediments of the Rhine-Main Area in Ger-
many. Environ Sci Technol. 2015. https:// doi. org/ 10. 1021/ acs. est. 5b004 92.

 68. Chamas A, Moon H, Zheng J, Qiu Y, Tabassum T, Jang JH, et al. Degradation 
Rates of Plastics in the Environment. ACS Sustain Chem Eng. 2020. https:// 
doi. org/ 10. 1021/ acssu schem eng. 9b066 35.

 69. Napper IE, Thompson RC. Environmental Deterioration of Biodegradable, 
Oxo-biodegradable, Compostable, and Conventional Plastic Carrier Bags 
in the Sea, Soil, and Open-Air Over a 3-Year Period. Environ Sci Technol. 
2019. https:// doi. org/ 10. 1021/ acs. est. 8b069 84.

 70. Kooi M, Koelmans AA. Simplifying Microplastic via Continuous Probability 
Distributions for Size, Shape, and Density. Environ Sci Technol Lett. 2019. 
https:// doi. org/ 10. 1021/ acs. estle tt. 9b003 79.

 71. PlasticsEurope. Plastics - the facts 2020: An analysis of European plastic 
production, demand and waste data. 2020. https:// www. plast icseu rope. 
org/ en/ resou rces/ publi catio ns/ 4312- plast ics- facts- 2020, Accessed 3 Aug 
2021.

 72. Möller JN, Löder MGJ, Laforsch C. Finding Microplastics in Soils: A Review 
of Analytical Methods. Environ Sci Technol. 2020. https:// doi. org/ 10. 1021/ 
acs. est. 9b046 18.

 73. Alloway BJ. Heavy metals in Soils. Dodrecht: Springer Netherlands; 2013.

 74. Blume HP, Brümmer GW, Fleige H, Horn R, Kandeler E, Kögel-Knabner I, 
et al. Scheffer/Schachtschabel Soil Science. Berlin/Heidelberg: Springer; 
2016.

 75. Calmano W, Hong J, Förstner U. Binding and mobilization of heavy metals 
in contaminated sediments affected by pH and redox potential. Water Sci 
Technol. 1993;28(8-9):223–35.

 76. Kern OA, Koutsodendris A, Süfke F, Gutjahr M, Mächtle B, Pross J. Per-
sistent, multi-sourced lead contamination in Central Europe since the 
Bronze Age recorded in the Füramoos peat bog, Germany. Anthropo-
cene. 2021. https:// doi. org/ 10. 1016/j. ancene. 2021. 100310.

 77. Hahn J, Opp C, Zitzer N, Laufenberg G. Impacts of river impoundment on 
dissolved heavy metals in floodplain soils of the Lahn River (Germany). 
Environ Earth Sci. 2016. https:// doi. org/ 10. 1007/ s12665- 016- 5950-5.

 78. Martin CW. Recent changes in heavy metal contamination at near-chan-
nel positions of the Lahn River, central Germany. Geomorphology. 2012. 
https:// doi. org/ 10. 1016/j. geomo rph. 2011. 11. 010.

 79. Pejman A, Nabi Bidhendi G, Ardestani M, Saeedi M, Baghvand A. A new 
index for assessing heavy metals contamination in sediments: A case 
study. Ecol Indic. 2015. https:// doi. org/ 10. 1016/j. ecoli nd. 2015. 06. 012.

 80. Xiong X, Wu C, Elser JJ, Mei Z, Hao Y. Occurrence and fate of microplastic 
debris in middle and lower reaches of the Yangtze River - From inland to 
the sea. Sci Total Environ. 2018. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 
12. 313.

 81. Ciszewski D, Grygar TM. A Review of Flood-Related Storage and Remobi-
lization of Heavy Metal Pollutants in River Systems. Water Air Soil Pollut. 
2016. https:// doi. org/ 10. 1007/ s11270- 016- 2934-8.

 82. Turner S, Horton AA, Rose NL, Hall C. A temporal sediment record of 
microplastics in an urban lake, London, UK. J Paleolimnol. 2019. https:// 
doi. org/ 10. 1007/ s10933- 019- 00071-7.

 83. Lu SG, Bai SQ. Contamination and potential mobility assessment of heavy 
metals in urban soils of Hangzhou, China: relationship with different land 
uses. Environ Earth Sci. 2010. https:// doi. org/ 10. 1007/ s12665- 009- 0283-2.

 84. Manta DS, Angelone M, Bellanca A, Neri R, Sprovieri M. Heavy metals in 
urban soils: a case study from the city of Palermo (Sicily), Italy. Sci Total 
Environ. 2002. https:// doi. org/ 10. 1016/ S0048- 9697(02) 00273-5.

 85. Rillig MC, Ziersch L, Hempel S. Microplastic transport in soil by earth-
worms. Sci Rep. 2017a. https:// doi. org/ 10. 1038/ s41598- 017- 01594-7.

 86. van Schaik L, Palm J, Klaus J, Zehe E, Schröder B. Linking spatial earth-
worm distribution to macropore numbers and hydrological effectiveness. 
Ecohydrol. 2014. https:// doi. org/ 10. 1002/ eco. 1358.

 87. Yu M, van der Ploeg M, Lwanga EH, Yang X, Zhang S, Ma X, et al. Leaching 
of microplastics by preferential flow in earthworm (Lumbricus terrestris) 
burrows. Environ Chem. 2019. https:// doi. org/ 10. 1071/ EN181 61.

 88. Blettler MCM, Ulla MA, Rabuffetti AP, Garello N. Plastic pollution in 
freshwater ecosystems: macro-, meso-, and microplastic debris in a 
floodplain lake. Environ Monit Assess. 2017. https:// doi. org/ 10. 1007/ 
s10661- 017- 6305-8.

 89. Braun M, Mail M, Heyse R, Amelung W. Plastic in compost: Prevalence and 
potential input into agricultural and horticultural soils. Sci Total Environ. 
2021. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 143335.

 90. Steinmetz Z, Wollmann C, Schaefer M, Buchmann C, David J, Tröger 
J, et al. Plastic mulching in agriculture. Trading short-term agronomic 
benefits for long-term soil degradation? Sci Total Environ. 2016. https:// 
doi. org/ 10. 1016/j. scito tenv. 2016. 01. 153.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1021/es2031505
https://doi.org/10.1021/es2031505
https://doi.org/10.1039/C6AY02476A
https://doi.org/10.1039/C6AY02476A
https://doi.org/10.1007/s00216-018-1156-x
https://doi.org/10.1007/s00216-018-1156-x
https://doi.org/10.1021/acs.analchem.1c00123
https://doi.org/10.1021/acs.analchem.1c00123
https://doi.org/10.1007/s10653-018-0106-z
https://doi.org/10.1007/s10653-018-0106-z
https://doi.org/10.1016/j.ancene.2021.100314
https://doi.org/10.1016/j.ancene.2021.100314
https://doi.org/10.1007/978-3-319-24277-4
https://github.com/taiyun/corrplot
https://doi.org/10.1016/j.marpolbul.2021.112216
https://doi.org/10.1016/j.scitotenv.2019.03.368
https://doi.org/10.1016/j.scitotenv.2019.03.368
https://doi.org/10.1016/j.envpol.2018.07.051
https://doi.org/10.1016/j.scitotenv.2018.06.004
https://doi.org/10.1016/j.scitotenv.2018.06.004
https://doi.org/10.1021/acs.est.5b00492
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1021/acs.est.8b06984
https://doi.org/10.1021/acs.estlett.9b00379
https://www.plasticseurope.org/en/resources/publications/4312-plastics-facts-2020
https://www.plasticseurope.org/en/resources/publications/4312-plastics-facts-2020
https://doi.org/10.1021/acs.est.9b04618
https://doi.org/10.1021/acs.est.9b04618
https://doi.org/10.1016/j.ancene.2021.100310
https://doi.org/10.1007/s12665-016-5950-5
https://doi.org/10.1016/j.geomorph.2011.11.010
https://doi.org/10.1016/j.ecolind.2015.06.012
https://doi.org/10.1016/j.scitotenv.2018.12.313
https://doi.org/10.1016/j.scitotenv.2018.12.313
https://doi.org/10.1007/s11270-016-2934-8
https://doi.org/10.1007/s10933-019-00071-7
https://doi.org/10.1007/s10933-019-00071-7
https://doi.org/10.1007/s12665-009-0283-2
https://doi.org/10.1016/S0048-9697(02)00273-5
https://doi.org/10.1038/s41598-017-01594-7
https://doi.org/10.1002/eco.1358
https://doi.org/10.1071/EN18161
https://doi.org/10.1007/s10661-017-6305-8
https://doi.org/10.1007/s10661-017-6305-8
https://doi.org/10.1016/j.scitotenv.2020.143335
https://doi.org/10.1016/j.scitotenv.2016.01.153
https://doi.org/10.1016/j.scitotenv.2016.01.153

	Meso- and microplastic distribution and spatial connections to metal contaminations in highly cultivated and urbanised floodplain soilscapes – a case study from the Nidda River (Germany)
	Abstract 
	Introduction
	Methods
	Study area
	Soil sampling
	Laboratory analysis
	Soil parameter and metal analysis
	Plastics and microplastics analysis
	Statistics and data evaluation


	Results
	Plastic loads and features
	Metal concentrations and soil properties
	Spatial distribution of plastics and metals
	Contaminants along the river course and floodplain-cross transects
	Vertical contaminant patterns


	Discussion
	Plastic abundance
	Metal abundance
	Spatial differences between plastic and metal contamination
	Anthropogenic activities might directly impact distribution of plastics

	Conclusion
	Acknowledgements
	References


