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Abstract: Despite substantial research, the spatio-temporal dynamics of microplastic fluxes remain
underexplored, especially in lower-order rivers. This study aims to quantify microplastic loads
using a spatio-temporal sampling approach in a single cross-section of the Lahn River, a typical
low-mountain river in Central Germany, over a sampling period from July 2020 to April 2021,
covering varying discharge conditions, from low to high flow. A total of 198 plastic particles were
detected, averaging 3.67 particles per hour, with a mean microplastic load of 0.03 £ 0.027 particles
per cubic metre. Microplastic abundance varied spatially within the river cross-section, with lower
concentrations found at deeper sampling positions. The data indicate that higher discharge conditions
correlate with increased microplastic loads, predominantly at the water surface, suggesting that
hydrological conditions significantly influence plastic transport dynamics. However, it remains
unclear whether the microplastics observed at higher discharges originate from additional sources
or are reactivated from river sediments. This research highlights the need for further studies to
validate model assumptions and better understand the reactivation and transport mechanisms of

microplastics in river systems.
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1. Introduction

Plastics have become ubiquitous in all kinds of environmental systems worldwide.
The ongoing global plastic crisis further contributes to plastic leaking into the environ-
ment and being retained there [1]. The plastic residues present in the environment can
be defined as human-made, polymeric, and solid particles often classified according their
size during production or after fragmentation by biogeochemical and physical processes
in the environment [2,3]. In particular, microplastic particles, defined as large microplas-
tics (5000-1000 pm) and microplastics (1000-1 pum) in contrast to macro- (>5000 um) or
nanoplastics (<1 um) [4], are often considered because their small size allows them to
reach a wide spatial distribution and cause a wide variety of environmental risks [5].
Since the exponential increase in global plastic production since the 1950s, both plastics in
general and microplastics consist mainly of thermoplastics, with different polyethylenes
(PEs) or polypropylenes (PPs) as the most common ones [6]. Combined with numerous
additives, occurring in different sizes and shapes, they pose a major threat to the global
environment [7-9].

Among other ecosystems, freshwater systems are particularly affected by microplastics
as they act as major transport corridors of plastic residues through the environment [7,10].
Research performed over the years has demonstrated that microplastics are present within
freshwater systems including water, sediments, and biota [5,11,12]. Furthermore, microplas-
tics can be transported via freshwater systems over long distances, contributing to marine
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plastic pollution [13]. However, not only transport but also temporal deposition occurs
in freshwater systems [14-16]. Thus, microplastic particles can sink in the water column
and be temporally deposited in bed sediments [15,17] but also on embankments [18] and
surrounding floodplains [19]. Microplastic particles exhibit varying transport and retention
behaviours in water, influenced by their density and shape [20]. While many polymers are
buoyant due to their low density, others, like polyvinyl chloride (PVC), polyethylene tereph-
thalate (PET), and nylon, are denser than water and tend to sink naturally. Additionally, as
biofouling, such as microalgae growth, increases particle density, even lighter plastics can
accumulate in sediments over time. Particle shape also affects retention, with irregularly
shaped particles having more complex settling patterns compared to spherical ones [21].
Buoyant particles with irregular forms are more likely to be submerged and trapped un-
derwater than to return to the surface. Studies have shown that larger microplastics tend
to stay within riverbed sediments more persistently, though shape may be a more critical
factor than size for certain retention patterns. However, the transport and sedimentation
of plastic particles show large temporal and spatial variations. Although discharge and
flow conditions are known to be important factors, the transport mechanisms have not
been fully elucidated, as the characteristics of the plastic particles play an important role.
Together, these factors illustrate the complexity in modelling microplastic behaviour within
river systems [20].

As freshwater systems are highly dynamic environmental systems, different envi-
ronmental and anthropogenic drivers affect microplastic input, transport, and deposition
within those system. Thus, dependencies of microplastic loads on land use and population
density in surrounding and catchment areas have been previously found [16,22]. Further-
more, a combination of point sources (e.g., WWTPs, urban discharge) and diffuse sources
(e.g., atmospheric deposition, littering) contribute to the microplastic contamination of
freshwaters [14,23]. Finally, recent research demonstrated that microplastic particles behave
differently within freshwater depending on their size, shape, polymeric composition, or sur-
face degradation with regard to transport, deposition, and erosion dynamics [11,17,24]. On
the other hand, it was proven that single events, like floods, affect microplastic fluxes and
that the variation in natural flow conditions causes variations in the transport behaviour of
microplastics [17,24].

Despite the above findings discussed within former publications and recent reviews, it
could be said that spatio-temporal considerations are, so far, rarely present in microplastic
research [25]. With regard to microplastic fluxes in freshwater systems, so far, the spatial
focus has been on first-order rivers, as well as sampling at different sites along a river [26].
Additionally, microplastic sampling has been performed mostly under moving conditions
(net sampling from ships or boats) in a specific area of the river (e.g., central) with fixed
depths [26,27]. With regard to temporal considerations, microplastics are often sampled on
single days or over short times, not providing sufficient time series over longer durations
(e.g., months, years) [28].

For example, a spatially detailed consideration of microplastic fluxes and particle
properties in a river cross-section was able to demonstrate that (i) high-flow conditions
affect lateral and vertical microplastic fluxes, (ii) river morphology affects microplastic
fluxes, and (iii) storm events affect microplastic variety across a river section [27,29].

Given this context, the primary objective of our study was to quantify (micro)plastic
loads based on a spatio-temporal sampling approach to provide further spatio-temporal
data and gain further insights on the effects of natural flow variations on (micro)plastic
transport behaviour in situ. In this study, we focused on (micro)plastics with a size range of
5000-500 pm, including single macroplastics (>5 mm). For this reason, we conducted our
spatio-temporal stationary net sampling approach on the example of a single cross-section
of Lahn River (second-order river, Central Germany). In order to reach our objective, we
pursued the following research questions:

1.  What microplastic loads are transported in the river under different flow conditions?
2. Are spatio-temporal variations in the microplastic loads and particle properties detectable?
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3. Does the discharge affect the microplastic loads as well as the vertical and lateral
transport behaviour?

2. Materials and Methods
2.1. Study Area

Sampling of macro- and microplastics from freshwater was conducted on the Lahn
River (Germany). The Lahn River, with a total river length of 235.6 km, drains a catchment
area of 5924 km? [30]. As a medium-sized secondary river, the Lahn River is one of the
typical drainage systems within Central European low-mountain regions, comparable
to many others in Central Europe. Spatio-temporal sampling was conducted at a single
river cross-section (50.755487 N, 8.744362 E) located in the upper middle reaches (66.6 km
after the spring) of the Lahn River. While the upper reaches of the Lahn River are rather
rural-shaped, the investigated river cross-section is located 6 km downstream of the inner-
city area of Marburg (approx. 75,000 inhabitants) and 1.5 km downstream of the sewage
treatment plant Marburg—Cappel [30]. The direct surroundings of the cross-transect are
dominated by pastures as flood water retention areas to the east and a gravel pit and
a federal road (B3) to the west and land use shows a mixture of rural to slightly urban-
ized zones, from forests to arable land and artificial grounds (Figure 1). With regard to
(micro)plastic inputs to the freshwater system within the drained catchment of the Lahn
River, diffuse emissions from agriculture, infrastructure, and smaller urban areas, as well
as villages, are likely [31]. The drained catchment area in question includes 74 municipal
wastewater treatment plants (5 treatment plants >10,000 inhabitants; 17 treatment plants
>2000 inhabitants), which represent a variety of potential additional point sources [30,32].
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Figure 1. Top left: General map of the location of the study area in Germany: left—location of river
cross-section and surrounding landscape features; top right—digital elevation model of river cross-
section and surrounding floodplain with cut bank (A) and slip-off slope (B); and bottom right—river
cross-section details with dimension, river morphology, and net sampling locations (P1-P6).

The sampled river cross-section is at a river bend between a cut bank (Figure 1, cross-
section, point A) and a slip-off slope (Figure 1, cross-section point B), where the riverbed
(active channel) shows a width of 25.0 m and a maximum depth of 2.92 m. The eastern side
(B, slip-off) of the bank slopes relatively steeply, while the western side (A, cut bank) rises
continuously (Figure 1 and Figure S1). The bank is covered with riparian woods (willows,
alders), as well as reeds and cane, and is framed by pastures at the site. According to
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the evaluation in the Water Framework Directive 2000/60/EC, the river section shows a
strongly changed river structure [30].

2.2. Sampling

Spatio-temporal sampling was performed between 13 July 2020 and 22 March 2021,
over 15 sampling dates. In order to perform stationary net sampling, a rope and tape
measure were stretched across the river to ensure a continuous measurement. An inflatable
boat served as a working platform (Figure S1). Sampling was performed at four positions
at the water surface (P1-4) and two deeper positions (P5-6). A sampling net with a net inlet
of 70 x 30 cm (0.28 m?), a total length of 2.6 m, and a mesh size of 300 um (microplastic net,
Hydro-Bios Apparatebau GmbH, Altenholz, Germany) was used for sampling. Stationary
sampling was then carried out for 45 min at each sampling position across the river cross-
section by hanging the net from the boat into the water stream and attaching it to the rope
in a stationary position (Figure S1). On 15 October and 16 October 2020, reference sampling
with a duration of 6 h at a single position was conducted. With a sampling time of 45 min,
the size of the net was sufficient, and clogging or filling with river loads (e.g., branches,
leaves) was avoided. After the sampling time, the net was lifted and the contents of the
net cup (collection cup, mesh size 300 um, Hydro-Bios Apparatebau GmbH, Altenholz,
Germany) were rinsed with river water in amber glass bottles (1 L). Afterwards, the net was
placed in the river for 10 min without the collection cup for cleaning. With each sampling,
the flow velocity (m/s) was measured simultaneously at the sites (P1-6) using a flow metre
with an impeller (230, OTT HydroMet GmbH, Kempten, Germany).

2.3. Laboratory Analysis

The laboratory analysis included sample preparation (dehydration), size separation
and filtration, staining, and identification. During laboratory analysis contamination
prevention was ensured by avoiding plastic equipment, wearing cotton lab coats, and
exclusively working with <50 pm filtered water.

To dehydrate the sample material and separate size fractions, the solid material was
separated from the river water by sieving into size fractions >1000 um and >500 pum
(stainless-steel sieves, o 75 mm, Atechnik GmbH, Leinburg, Germany) and rinsed using
filtered (<50 um) water. Due to the very low sediment load in the samples, the subse-
quential step of density separation was omitted [33,34]. The sieve residues were rinsed
with demineralized water on pleated cellulose filter (600 P, & 150 mm, Carl Roth GmbH,
Karlsruhe, Germany). Filters were then transferred to glass Petri dishes and dried for
20 min at 50 °C in a closed drying chamber.

For the visual identification of potential MP particles, the residues were stained upon
the cellulose filters with the help of a Nile Red solution. Nile Red staining procedures
allow the identification of potential MP particles by fluorescence, as Nile Red adsorbs to
polymeric surfaces [35,36]. Nile Red (Sigma-Aldrich, Taufkirchen, Germany) was dissolved
to a concentration of 20 pug mL~! within an ethanol-acetone (1:1) mixture following the
suggestions of Konde et al. [35] and applied to the entire surface of the filters using
a pipette and a spray bottle. Staining was then carried out for 10 min at 50 °C in a
drying chamber [35]. Visual fluorescence identification was conducted afterwards under a
stereomicroscope (SMZ 161 TL, Motic, Hong Kong) with a fluorescence setup (excitation:
465 nm LED; emissions: 530 nm colour long-pass filter; Thorlabs, Bergkirchen, Germany).
Each fluorescent particle (often bright orange or yellow-greenish) was collected if its
surface matched the criteria according to Noren [37]. Each potential plastic particles was
stored within microplates (Brand, Wertheim, Germany), classified according to surface
characteristics (shape, degradation, and colour), photographed (Moticam 2, Motic, Hong
Kong), and their size measured (Motic Images Plus 3.0, Motic, Hong Kong).

In order to allow for polymer type identification and avoid the potential overestimation
of organic residues with polymeric surfaces (e.g., freshwater shells), each collected particle
was analyzed using a Tensor 37 FTIR spectrometer (Bruker Optics, Ettlingen, Germany)
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combined with a Platinum-ATR-unit (Bruker Optics, Ettlingen, Germany). Measurements
were conducted with a 20 background and sample scans with a spectral resolution of
4 cm~! within a 4000 cm ™! to 400 cm ! wavenumber range [38—40].

2.4. Statistics and Data Analysis

Basic data handling was performed within Microsoft Excel (version 1808, Microsoft,
Redmond, WA, USA) or RStudio (version 1.3.1093, RStudio, Posit PBC, Boston, USA,
2020) within an R environment (version 4.0.3, R Core Team, Auckland, New Zealand,
2020). Statistical operations such as data visualization, ¢-test, linear regression models,
Spearman rank correlations, and k-means clustering were performed within R. We used the
R packages ggplot2 [41] and ggbubr [42] for data analysis and visualization. Significance
was interpreted at the p < 0.05 level. Data relationships were interpreted as small with r? of
0.3—<0.5, medium with 0.5-<0.8, and strong >0.8.

Data processing of FTIR spectra was performed in OPUS 7.0 (Bruker Optics, Ettlingen,
Germany) and Spectragryph (Version 1.2.14; [43]; Oberstdorf, Germany). Spectral identifi-
cation was conducted within the available OPUS database (OPUS 7.0 internal database)
and the OpenSpecy database [44]. Each identified spectrum with a hit ratio <700 (OPUS 7.0)
was double-checked within the OpenSpecy database using full spectra, and Pearson’s r
with r? > 0.6 as a match quality indicator. A polymer type was then assigned to each plastic
particle, and only particles definitely identified as polymers were counted as (micro)plastics.

Plastic loads were reported as plastic particle p (absolute plastic particle number)

and plastic load (PL) in p m? (plastic particle per m® river water), calculated as follows
(Equation (1)): . .
PL (ﬁ) _ number of plastic particles (p) 1)
m3/) — measured discharge (m3)

Discharge was calculated based on the measured flow rate (m s~ ') and related to the
size of the net inlet (0.28 m?) to obtain the discharge (m®) per measurement period (45 min)
giveninm3 s~ 1.

In addition to the collected data (MP load and discharge in the river cross-section),
local discharge data and regional precipitation data for the period July 2020 to April 2021
were used. Lahn River discharge data were retrieved for the Lahn gauge in Marburg
(discharge in m3s—1; gauge ID, 25830056; and river km, 175), which is 6 km upstream of the
river cross-section and includes the upper Lahn catchment, with an area of 1666.2 km? [45].
Precipitation data were obtained for the period studied from the station “Colbe” (daily
precipitation sum in mm; station ID, DWD 3164), located 10.5 km to the north of the river
cross-section [46].

The spatial interpolation of plastic loads (p m?) and discharge (m3) was conducted via
Empirical Bayesian Kriging (EBK), without data transformations. EBK interpolation was
carried out via the R packages “gstat” [47,48] and “raster” [49]. Final plots were created
using the “levelplot” function from the “lattice” package [50].

Based on the data collected from the sampling points (P1-6, measured values) in
the river cross-section, the intermediate spaces that could not be sampled were interpo-
lated. Even though EBK is a satisfactory geostatistical method for interpolating spatially
distributed data, limitations nevertheless arise [51]. Firstly, the measured values are a snap-
shot of the dynamic stream system, whose exact flow diversity can only be insufficiently
captured on the basis of the existing data. However, we use EBK interpolation to spatially
represent our data in a simple and quickly comprehensible way (no modelling but three-
dimensional representation of the spatial data). The results of the EBK interpolation are not
highly spatially representative, as the distribution of the sampling points is comparatively
coarse for the EBK modelling quality. Interpolation was conducted for low-flow (day 7;
16 September 2020; and average Q = 58.97 m?®), medium-flow (day 1; 17 July 2020; and
average Q = 69.55 m?), and high-flow conditions (day 15; 22 March 2021; and average
Q=90.78 m3), as well as for the total average from 15 measurement dates.
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3. Results
3.1. Discharge Trends Across the River Section

Our sampling period, from 1 July 2020 to 1 April 2021, was characterized by a compar-
atively dry second half of 2020 and a change to wet conditions within the first months of
2021. Even though larger but short-term precipitation events (>20 mm) occurred regularly
in the months from July to December 2021, the discharge of the Lahn River remained
below the long-term average (MQ, gauge Marburg) (Figure 2). Regarding discharge data
from the Lahn gauge Marburg, discharge of the Lahn River increased substantially in
the sampling period only at the turn of the year 2020/2021 and showed typical sharply
increasing discharge curves following precipitation events, with a delayed decrease in
the discharge (Figure 2). The average discharge of the Lahn River at the gauge station in
Marburg was 4.96 m? s ! (July-December 2020), increasing to an average of 21.04 m3 s~
in January—April 2021.
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Figure 2. Daily averages of discharge and precipitation trends during the sampling period from
July 2020 to April 2021. The sampling dates are numbered 1-15 (circles), and MQ indicates the
long-term average discharge at the Lahn gauge. Discharge data source: Lahn gauge Marburg (gauge
ID: 25830056). Rainfall data source: climate station Colbe (station ID: DWD 3164).

In the river cross-section, the measured discharge (flow metre measurements) ranged
from not measurable values (<5 m® s7!) up to 116.3 m3 s~!, with a total average of
78.85 & 19.01 m® s}, including fifteen measurement dates and all six sampling points
across the river. During the dry period (July-December 2020), the average discharge within
the river cross-section was 72.69 m® s~! in the upper water column (sampling points 1-4)
and 71.60 m® s—1 in the lower water column (sampling points 5-6). Within the wet pe-
riod (January-April 2021), discharge increased, with average values of 91.62 m® s~ ! in
the upper and 92.61 m3 s~! in the lower water column. During the whole measurement
period, discharge was higher at the slip-off slope (83.79 4 19.88 m® s~ !) than at the cut
bank (74.86 & 17.28 m3 s~ 1).

3.2. (Mirco)plastic Loads and Characteristics

During 15 sampling campaigns, we found a total sum of 198 plastic particles (identified
via ATR-FTIR) above our lower size detection limit of 500 um. The sum of plastic particles
sampled on each sampling date, including all net positions, ranged from 4 to 28 particles
(average 13.20 4 7.34 particles), over a total sampling time of 270 min or 4.5 h per day.
Per sampling point (net position, P1-P6), the number of sampled plastic particles during
45 min of sampling ranged from 0 to 9 (average 2.75 & 2.38 particles) (Table 1). Considering
the whole sampling period, we found that, on average, 0.06 plastic particles per minute
(p min~1) or 3.67 plastic particles per hour (p h™1), respectively, were sampled.
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Table 1. Overview of (micro)plastic concentrations per sampling date, river cross-section position,
and (micro)plastic size classes with measured discharge (Q) and microplastic loads (p m?).

MP Concentration and Discharge ° MP Concentration According to

Value 2 Size Classes
Date P1 P2 P3 P4 P5 P6 MP MP Size Classes (um)
xly 20/0 16/0 9/0 4/0 16/~1  9/-1 Sum/Day 55000  >1000  >500
P 0 4 3 1 1 0 9 3 4 2
17 July 2020 Q¢ <5 83.2 68.0 68.0 76.0 52.9
pm? 0 0.048 0044 0015 0013 0
P 2 1 2 1 1 2 9 0 5 4
22 July 2020 Q <5 75.6 60.5 52.9 75.6 60.5
pm? * 0013 0033 0019 0013  0.033
P 1 3 2 2 2 2 12 1 7 4
3 August 2020 Q <5 75.6 60.5 68.0 60.5 60.0
pm? * 0.04 0.033  0.029 0033 0033
P 2 3 2 0 3 3 13 5 4 4
1 September 2020 Q <5 105.8 98.3 75.6 98.3 75.6
pm? * 0.028 0.02 0 0.031 0.04
P 0 1 4 0 0 1 6 1 5 0
3 September 2020 Q <5 75.6 60.5 52.9 75.6 52.9
v * 0.013  0.066 0 0 0.019
p 2 1 0 0 2 0 5 0 3 2
15 September 2020 Q <5 75.6 68.1 52.9 60.5 60.5
pmd * 0.013 0 0 0.033 0
p 1 0 0 0 3 2 6 2 3 1
16 September 2020 Q <5 68.0 60.5 52.92 52.9 60.4
p/m3 * 0 0 0 0.057  0.033
p 2 3 1 5 0 1 12 0 9 3
13 October 2020 Q 30.2 1134 1058 83.2 1134 83.2
pmd 0066  0.026  0.009 0.06 0 0.012
* * * * 4 * 4 3 1 0
15 October 2020 5 . . . . 983 .
) )
6 h reference p m3 . " . . 0.005 .
* * 8 * * * 8 2 0 6
16 October 2020 5 . . 98.2 . . .
) :
6 h reference p m3 " " 0.01 " * *
p 6 6 5 4 * * 21 10 8 3
25 January 2021 Q 90.2 1163  108.1 97.1 * *
pmd 0067 0052 0046  0.041 * *
p 5 4 9 4 * * 22 5 12 5
26 January 2021 Q 80.6 103.9 94.3 84.7 * *
pmd 0062  0.038 0095  0.047 * *
p 7 7 9 5 * * 28 8 12 8
24 February 2021 Q 79.7 108.6 100.3 85.9 * *
pmd 0.088  0.064 0.09 0.058 * *
p 6 3 9 4 * * 22 9 8 5
25 February 2021 Q 69.5 92.3 87.9 73.6 * *
pmd 008 0033 0107  0.054 * *
p 3 7 2 4 2 3 21 2 11 8
22 March 2021 Q 73.4 106.3 98.1 81.6 95.4 89.9
pmd 0041  0.066 0.02 0049 0021  0.033

@ Measurement values: p, number of plastic particles per position (P1-P6); Q, discharge per position (P1-P6);
and p/m?, plastic particles per m® discharge. ® Microplastic concentration and discharge per sampling position
(P1-P6). © Average discharge (Q) per day. ¢ Reference sampling (single position, stationary, duration: 6 h).
* missing values (no measurement due to small or excessive discharge and flow load).

The calculated (micro)plastic loads ranged from 0.00 to 0.11 p m3, with a total average
of 0.03 + 0.027 p m® over the whole sampling period, including all net positions (Table 1).
The average (micro)plastic loads over 15 measurement dates for net positions P1-P6 ranged
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between 0.03 and 0.06 p m® (P1 and P2, surface water, slip-off slope), 0.03-0.04 p m? (P3
and P4, surface water, cut bank), and around 0.02 p m? for deeper water (P5 and P6). The
maximum (micro)plastic loads occurred at sampling point P3 (0.11 p m3).

The sampled (micro)plastic particles consisted mainly of fragments, films, and fila-
ments, with bright colours (e.g., red or blue) or white and transparent (Figure 52). With
regard to plastic size classes, 25.7% could be attributed to the mesoplastic size class
(>5000 um). Within the microplastic size range, we found 46.5% of all particles to have
a size between 5000 and 1000 um and 27.8% to have a size between 1000 and 500 pum.
Based on ATR-FTIR analysis and spectral identification, we found a clear dominance of
polyethylene (PE), including high- and low-density PE, with a share of 71.93%, followed by
polypropylene (PP) with a share of 20.18%, polystyrene (PS) with 7.02%, and polyamide
(PA) with 0.88%.

3.3. Spatio-Temporal (Micro)plastic Variations

Meso- and microplastic abundance within the studied river cross-section varied be-
tween the sampling points (net positions, P1-P6) (Table 1). In general, the lowest (mi-
cro)plastic abundance was recorded in the deeper sampling positions (1 m below the water
surface, P5-P6), with average particle numbers of 1.56 p (P6) and 1.80 p (P5) per 45 min
of sampling. For deeper sampling points, average (micro)plastic loads of 0.022 p m? were
calculated within average discharges of 73.81 + 17.71 m3 s~!. In contrast, the average
particle numbers increased at the cut bank site (P1-P2), with a total average of 3.08 £ 2.25 p,
continuing to 3.19 £ 2.85 p at the slip-off slope site (P3-P4) per 45 min of sampling. In
contrast, the (micro)plastic loads were slightly higher at the cut bank site (av.: 0.042 p m?)
than at the slip-off site (av.: 0.035 p m?®), because of the higher river discharge at the cut
bank site, with 85.47 4= 20.17 m® s~! compared to 77.73 & 17.69 m> s ! at the slip-off site.

In addition to these spatial variations in the river cross-section, temporal variations
in meso- and microplastic abundance appeared. With regard to the general division of
weather and discharge conditions within a dry period (low discharge) during the second
half of 2020 and a wet period (high discharge) in the spring of 2021, the abundance of
(micro)plastics changed significant over time (Figure 2). The daily sum of plastic particles
changed significantly (p < 0.01, t-test) under wet conditions, up until January 2021, with an
average of 8.4 particles over 10 sampling campaigns in 2020 and an average of 22.8 particles
over 5 sampling campaigns in 2021. The daily average of (micro)plastic loads also changed
significantly (p < 0.01, ¢-test), similarly to the discharge conditions and number of sampled
plastic particles, with the turn of the year 2020/21, from 0.02 to 0.06 p mS.

Comparing (micro)plastic abundance with self-measured site-specific discharge across
all sampling points (P1-P6) and for all 15 sampling dates, we found a clear evidence
(ANOVA p < 0.05) that higher plastic abundances (av.: 22.8 p) occurred under high-flow
(>10 m® s71) conditions than under medium- (>4 m s~ 1) or low-flow (<4 m? s~1) condi-
tions (Figure 3). Furthermore, comparing (micro)plastic abundance with superordinate
discharge measurements at the Marburg gauge (Figure 3), we found a linear relationship
(R? = 0.71) between discharge and (micro)plastic abundance, characterized by the division
of values into two classes (discharge conditions: low vs. high) (Figure 4). With regard
to the differentiated plastic size classes (>5000 pym meso-, >1000 um large- micro-, and
>500 pm microplastics) during plastic analysis, we found decreasing linear relationships
with decreasing particle sizes (Figure 4b—d).
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according to size classes (a) sum, (b) >5000 um, (c) >1000 pm, (d) and >500 pm).

The overall Spearman correlation between the sum of (micro)plastic particles per day
and the superordinate discharge data from gauge Marburg appeared to have a signifi-
cant correlation (RSP: 0.52, p < 0.05), indicating a medium positive relationship between
(micro)plastic abundance and discharge conditions within the river.
Beyond the consideration of meso- and microplastic abundance, spatio-temporal
variations in plastic characteristics became apparent as well. With regard to plastic particle
size classes, we found a dominance of particles with a size between 5000 and 1000 pm
(48.8% in 2020, 44.7% in 2021) under both low- and high-flow conditions. During the
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low-flow conditions in 2020, smaller particles (1000-500 um) occurred more frequently
(31.0%) than mesoplastics (>5000 um), measuring 20.2%. These proportions changed under
high-flow conditions in 2021, during which mesoplastics accounted for a larger share
(29.8%) than microplastics (25.4%).

While no spatio-temporal variations were found for particle shapes and colours, spatial
differences in polymer type distribution were present (Figure 5). Briefly, we identified a
dominance of polyethylene (both HDPE and LDPE) at the upper sampling points, including
the cut bank and the slip-off section. In contrast, limited by the generally lower plastic
abundance in deeper samples (P5-P6), we found a dominance of PE and PS at point P6 and
a dominance of PE and PP in the absence of PS at point P5.
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Figure 5. Polymer type occurrence at sampling points within river cross-section with (A) cut bank
and (B) slip-off slope.

3.4. Spatial Interpolation of (Micro)plastic Loads Across the River

The spatial interpolation over the entire river cross-section based on the collected
point data illustrated the spatio-temporal variations in (micro)plastic abundance and river
discharge (Figure 6). With regard to the entire sampling period, including all 15 measure-
ment dates, we found a higher presence of (micro)plastics near the shore at the slip-off site
and a continuous decrease towards the opposite cut bank side, while major flow occurred
within the central river, with a slight tendency towards the slip-off side (Figure 6a). Great
(micro)plastics loads shifted towards the center of the river under low-flow conditions
(Figure 6b), shifting backwards towards the slip-off slide under medium-flow conditions
(Figure 6c), occurring on both sides of the river but with a stronger expression on the
slip-off side under high-flow conditions (Figure 6d). In contrast, the interpolated flow
conditions showed major flow at the cut bank site during low- and medium-flow condi-
tions (Figure 6b,c), while major flows were recorded towards the center of the river under
high-flow conditions (Figure 6d). In comparison, many (micro)plastics and, therefore,
higher plastic loads occurred primarily in transitional areas between high- and low-flow
conditions across the river section.

A further data evaluation independent of the spatial interpolation showed that the
largest data range of both plastic abundance and discharge occurred at the slip-off slope
site, while more constant (micro) plastic loads and discharge conditions occurred at the cut
bank site (Figure 7a). Additionally, within deeper water sections, we identified constant
discharge conditions but also, more frequently, zero values of plastic abundance. A cluster
analysis (k-means) of the whole (micro)plastic loads and discharge dataset identified three
clusters (Figure 7b). Cluster one included medium-discharge conditions and medium (mi-
cro)plastic loads, whereas cluster two included high-discharge conditions and the highest
(micro)plastic loads, representing an expression of the already described dependencies
between discharge and plastic loads. Additionally, cluster three included single data points
with low-discharge conditions and the lowest (micro)plastic loads. In comparison, it is
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therefore evident that a tendency for the clustering to be dependent on the discharge condi-
tions and not on the location within the river cross-section was expressed by the cluster
analysis, with the exception of the third cluster including only slip-off slope data.

River transect (m) River transect (m)

Figure 6. Spatial interpolation within the river cross-section of plastic loads (p m?3, left) and discharge
(m3 s71, right) under different discharge conditions. (a) Total average from 15 measurement dates;
(b) low-flow conditions (day 7; 16 September 2020; average Q = 58.97 m? s71); (¢) medium-flow
(day 1; 17 July 2020; average Q = 69.55 m? s~1); and (d) high-flow conditions (day 15; 22 March 2021;
average Q =90.78 m3 s 1).
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Figure 7. Comparison of (micro)plastic particle abundance with sampling discharge conditions
(field measurements): (a) (micro)plastic particle abundance compared to discharge at sampling
points grouped according to sampling point locations on the left (cut bank, P3-P4), right (slip-off
slope, P1-P2), and in the depths (deeper samples, P5-P6); and (b) results of k-means clustering of
(micro)plastic particle abundance and discharge data grouped according to three major data clusters
and sampling point locations, by (a) shape.

4. Discussion

The sampling period from 1 July 2020 to 1 April 2021 covered all discharge conditions
occurring within the Lahn River, ranging from low- to high-discharge conditions, with
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dry-weather discharge lasting well into the autumn of the year 2020. Such dry conditions
combined with a low flow have occurred very often in recent years and indicate the effects
of climate change on hydrological conditions.

These different discharge conditions are also reflected in the transport of microplastics.
A total of 198 particles were found, which, distributed over the entire sampling period,
accounted for an average temporal distribution of 3.67 plastic particles per hour (p h™1).
This resulted in an average microplastic load of 0.03 = 0.027 p m3. For rivers of a similar
size to the Lahn River, there are hardly any data on loads and concentrations, which is
why it is difficult to classify the results regarding microplastic loads obtained in this study.
Studies on larger rivers (e.g., [14,16,52]) with significantly more anthropogenic sources of
microplastics show correspondingly higher loads. For example, ref. [27] reported a load
of 2.57 p/ m?3 for the Hillsborough River, which has a catchment area of 984 km?, also
indicating a higher concentration of 1.35-2.71 p m3. When considering data on microplastic
loads in rivers, it is important to note that different methods of data collection already lead
to different results. While the nets used in [16,23,24] had a mesh size of 55 um (plankton
net (nylon)) and 80 pm, respectively, those in [27,29,52,53] were between 300 and 500 pm.
Refs. [15,22] did not give any information on the mesh size. In this study, a net with a mesh
size of 300 um was applied, and, therefore, we were not able to consider plastic particles
smaller than this size. Thus, micro- and nanoplastic particles could not be considered.

Within the studied river cross-section (Lahn River), meso- and microplastic abundance
varied between the sampling points (net positions, P1-P6) (Table 1). In general, the lowest
(micro)plastic abundance was recorded within the deeper sampling positions (1 m below
the water surface, P5-P6), with average particle numbers of 1.56 p (P6) and 1.80 p (P5) per
45 min of sampling. Our results regarding depth distribution are similar to those of [25]
who also found that most plastic particles are transported close to the water surface. A
smaller fraction of plastics mixes deeper into the water column, where it may accumulate
within the river system, gradually degrading and intermittently being reintroduced into
the flow.

The above results are also in line with the study of [29], which stated that most of
the plastic transported in the Mekong River was found on the surface, while a smaller
portion was mixed deep into the water column. Many of the studies on microplastic loads
in rivers only measured at one depth, usually near the water surface (e.g., [54]), so only
part of the total microplastic load was recorded [27]. Many of these studies also took plastic
samples at several points along a river cross-section and at several depths (Hillsborough
River), similar to this study, and were able to determine a spatial distribution across the
river cross-section. As in our study, the higher loads were found on the cut bank, while the
concentrations were lower on the slip-off side.

With regard to the role of hydrology on the transport of microplastics, there is a clear
link between runoff and the microplastic load in the Lahn River expressed by ANOVA,
linear relationships, and Spearman correlations. There is clear evidence that higher plas-
tic abundances (av.: 22.8 p) occur under high-flow (>10 m3 s71) conditions than under
medium- (>4 m s~ 1) or low-flow (<4 m® s~1) conditions. This is in accordance with the
results of [24,27,29], who also found that storm events led to both the dilution and intensifi-
cation of plastic pollution. Ref. [27] underlined that, during high-flow conditions, lateral
and vertical fluxes became important transport mechanisms in their research. Despite
these clear correlations, the question is whether higher discharges transport additionally
microplastics that enter the river from various sources (e.g., surface runoff from roads)
or whether it is plastic stored in the river system that is reactivated and transported by
the hydraulic turbulence. It should also be noted that, if only the smaller particles are
considered, the influence of runoff on transport is somewhat reduced. So far, little is known
or has been determined in detail about the residence times of plastics in open rivers or
urban terrestrial environments [27]. In principle, some plastics may spend a long time in the
terrestrial environment before being displaced into the river via lateral exchange processes.
Some microplastics are deposited in river sediments during low-flow conditions and are
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reactivated at higher flows [55]. However, these findings are only based on a comparison of
microplastic particle abundances in river sediments between low-flow and high-flow condi-
tions. Small-scale differences in microplastic load in river sediments at the time of sampling
could lead to misinterpretations. Ref. [56] developed a theoretical model of plastic transport
in rivers and considered remobilisation in sediments; however, such models have not yet
been validated, so further experimental studies in the field are essential to better assess the
dynamics of the sediment water column with respect to microplastic transport. If we look
more closely at the linear relationship between microplastic transport and runoff, we see
from studies on the Lahn River that smaller particles tend to be transported independently
of the runoff. Higher concentrations can also occur at lower discharges. The reasons for
this are largely unclear, as there is also a lack of comparative studies. Ref. [27], therefore,
calls for further studies that focus on identifying the size and shape of microplastics in
order to understand the transport mechanisms and improve model predictions.

5. Conclusions

For this study on the Lahn River, a comprehensive dataset of river flows and plastic
particles has been collected and analyzed to investigate the transport mechanisms in a river
cross-section of a typical low-mountain river. There is a tendency for most microplastics
to be transported to the surface of the water column. The distribution in the cross-section
showed that the concentrations and loads were higher on the cut bank than on the slip-off
slope, which was due to the different flow velocity in the cross-section. In general, if
discharges increased, the number of plastic particles increased. This linear relationship
applied mainly to the larger particles; for the smaller particles, this relationship was rather
weak. However, the question remains open as to where the microplastics occurring at higher
discharges come from. Increased loads from additional source areas or the remobilisation
of particles from river sediments are possible causes. Overall, this study shows that the
transport of plastics in rivers is uneven across a river cross-section and strongly depends
on the hydrodynamic cross-section profile and the hydrological conditions. Such detailed
studies on the transport of microplastics in rivers are still necessary to validate model
assumptions and better understand the transport mechanisms, especially the reactivation
of microplastics from sediments.
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