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Abstract: With widespread, long-term historical use of plastics and the presence of microplastics

in a range of new and existing products, there is rising concern about their potential impacts on

freshwater ecosystems. Understanding how microplastics are transported and distributed along

river systems is key to assessing impacts. Modelling the main flow dynamics, mixing, sedimentation

and resuspension processes is essential for an understanding of the transport processes. We use the

new, processed based, dynamic, integrated catchments (INCA) microplastics model and apply this

to the whole of the freshwater catchment of the River Thames, UK, to evaluate inputs, loads and

concentrations along the river system. Recent data from UK water industry studies on microplastics

in effluent discharges and sewage sludge disposal has been utilised to drive the INCA microplastics

model. Predicted concentrations and microplastic loads moving along the river system are shown

to be significant, with a build-up of concentrations along the river, with increasing deposition on

the riverbed. The potential impacts on aquatic ecosystems are evaluated and a review of policy

implications is explored.

Keywords: microplastics; River Thames; aquatic ecology; water quality; pollution

1. Introduction

Microplastics have long been recognised as a serious problem impacting the land and
the marine environments [1], but there has been little analysis of microplastics transport
and distribution along river systems, sources into rivers, and interactions of microplastics
with aquatic ecosystems. Environmental plastics are a heterogeneous group of materials
that can be characterized by various descriptors. In the literature, they are frequently
categorised according to size, shape, polymer type and colour. Microplastics can also be
categorized according to their origin: primary microplastics are produced as resin pellets
(raw materials for plastic products) or as additives for personal care products (e.g., shower
gels and cosmetic peelings); and secondary microplastics are degradation products of larger
plastic items, which are broken down by UV radiation, biological degradation and physical
abrasion to smaller fragments. This latter category includes fragments of litter and fibres
shed from textiles and fishing gear. Microplastic shape can be categorized into fragments
(heterogeneous, angular), pellets (cylinders, disks, spherules), fibres (filaments), films and
foams. The categorization of microplastics into polymer type is dependent on spectroscopy
and thermo-analytical methods. In concordance with global production rates, high- and
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low-density polyethylene (HD/LD-PE), polyethylene terephthalate (PET), polypropylene
(PP), polystyrene (PS) and polyvinyl chloride (PVC) are the most common polymers found
in the environment [2,3].

Microplastics are an emerging environmental contaminant of concern due to their
abundance and persistence throughout the environment [4]. Microplastics can enter rivers
via runoff and drainage systems, land disposal, effluent inputs and sewage sludge from
wastewater treatment works and from the breakdown of in situ plastic litter. Air deposition
of microplastics is also significant [5]. Once released into the environment, microplastics
are practically impossible to remove and will remain indefinitely. Particles transported in
the environment can be further broken down into microplastic fragments, spread over a
wider area, thereby increasing the risk of exposure to organisms.

Microplastics (defined here as particles smaller than 5 mm) can be ingested throughout
the food web more readily than larger particles. Environmental scientists started investi-
gating marine microplastics in the early 2000s [6]. Two decades later, a wealth of studies
demonstrate that microplastics have ubiquitously permeated the marine ecosystem, includ-
ing polar regions and the deep-sea realm. Microplastics ingestion has been documented for
an increasing number of marine species, but to date only a few studies have investigated
their prevalence and biological effects in freshwater ecosystems.

The presence of microplastics in freshwaters has gained global attention since 2018 [7,8]
and, in the UK, several publications have focused on rivers, catchments, lakes and sedi-
ments. Microplastics can enter rivers via point and non-point sources of pollution in similar
pathways to pesticides and fertilizers [9–11]. Point sources of microplastics pollution
are effluent discharges and inputs from urban drainage systems [12]; non-point sources
include runoff from arable land, and breakdown of in situ plastic litter [4,13]. Atmospheric
deposition of fibres can be an important source of microplastics in waterbodies as found by
Turner et al. (2019) [14] in the sediment of an urban lake in London which was isolated
from wastewater inputs. Recently, Brahney et al. (2020) [15] showed global, regional and
local transport of microplastics in the atmosphere with different rates of deposition with
dry deposition representing 75% of total atmospheric deposition.

Only a few studies have provided evidence of the presence of microplastics in UK
rivers and lakes [14,16]. The research of Horton et al., 2017 [13,17] has yielded data on
microplastics in sediments and recently a study by UK Water Industry Research (UK-
WIR) [18,19] has provided data on waste water samples including influents, treated ef-
fluents, sludge from sewage treatment and raw (river or ground) water [18]. Data on the
biological effects of microplastics in freshwater species is lacking and the accumulation
of other freshwater contaminants on microplastics is of special interest because ingestion
might increase chemical exposure. However, in order to assess the environmental risk
associated with microplastics, comprehensive data on their abundance, fate, sources, and
biological effects in freshwater ecosystems are needed [17]. Whilst research in this field
is growing, there is no standard methodology for measuring microplastics in environ-
mental samples. The lack of standardisation between measurement approaches precludes
comparison across studies and, thus, impedes attempts to determine the current extent of
microplastics pollution across catchments and evaluate the impacts on freshwater ecosys-
tems [19]. Establishing standardisation of data critically depends on a collaborative effort
by environmental scientists from diverse disciplines, e.g., chemistry, hydrology, fisheries,
ecotoxicology and modelling [20,21].

Mathematical models can be used to assess the transport processes of microplastics
in rivers and catchments. Process-based dynamic models can be useful in quantifying
fluxes and concentrations along river systems, the storage of microplastics in riverbed
sediments, and fluxes into estuaries and marine ecosystems. In this paper we make use of
the INCA microplastics model [22] and we apply the model to the whole River Thames
catchment. We consider fluxes of microplastics along the river under changing effluent
discharges and different land applications of sludge. Thus, the aim of this paper is to (1)
gain an understanding of microplastics pathways and transport in river systems; (2) apply
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a process-based model to the River Thames and evaluate the impacts of microplastics on
river water quality from effluent discharges and sewage sludge applications to agricultural
land; (3) determine the fluxes of microplastics moving down the river system; (4) examine
effective microplastics mitigation strategies; and (5) review UK policy and regulation
instruments. There are lessons to be learnt from using a case study approach, the results of
which can be applied to different catchments, regions and countries, as in the case of other
extensive INCA applications globally [20].

2. Methods

2.1. Measuring Microplastics in Rivers

Nets with different mesh sizes are generally used for sampling plastics in river sys-
tems, but there is no standardised procedure for measuring and quantifying microplastics.
A call for standardization of microplastics particle size in research was made by Frias
and Nash (2019) [23] and their call was echoed by a number of researchers who have
argued that standardization is required for sampling, processing and quantification of
microplastics [24,25]. Koelmans et al. (2019) [24] consider the limitation of mesh size used
for sampling and reporting microplastics sizes. For example, the most common net mesh
size used for microplastics research is 300–330 µm [4,12,17,25] omitting microplastics size
below 300 µm which may be under-represented. The continued use of this mesh size
may be attributed to availability and researcher habit, but there are, however, commercial
plankton net mesh sizes available for a broad size range (1–2000 µm), e.g., Duncan and asso-
ciates in the UK provide 10–1000 µm mesh sizes (http://www.duncanandassociates.co.uk,
accessed 15 May 2020); while 1–2000 µm is the size range from KC Denmark (http:
//www.kc-denmark.dk/products/plankton-nets.aspx accessed 15 May 2020).

The UKWIR study [18,19] overcame this limitation by developing a standardised
approach to obtain repeated samples (down to 10 µm) in time and space. Samples were
processed consistently to maximise representation of microplastics while minimising losses
and were measured with an automated imaging Fourier transform infrared (FTIR) spec-
troscopy system. Samples were concentrated onto a filter, which was loaded onto the
mechanical stage of the imaging FTIR. Infrared spectra were measured at each 25 µm
point along the filter to produce a chemical map of 160,000 spectra. Image analysis soft-
ware matches each of the sample spectra to a reference library of known polymers, and
then an algorithm quantifies the size and shape of each of the target microplastics [19].
The combination of spectroscopy and imaging analysis offers great potential for monitor-
ing microplastics due to the relatively low per-sample cost compared to more intensive
methods such as gas chromatography- mass spectrometry. This FTIR method, along with
Raman spectroscopy, can measure microplastics particles down to 6 and 1 µm, respectively,
although computational costs and running time increase significantly at these lower resolu-
tions. To capture these smallest microplastics particles, an alternative approach may be
needed that uses image analysis to target likely particles for spectral analysis, thus greatly
reducing the number of spectra collected in each sample, although at a cost of potentially
missing some particles [26]

For the application of the INCA model of microplastics distribution in the River
Thames catchment, we selected four classes of microplastics sizes based on their reported
frequency from reviewed literature and we utilized the Ball et al. (2020) [18] UKWIR study
as a key dataset for rivers in the UK and in particular, the River Thames.

2.2. Application of INCA Microplastics Model to the River Thames—Model Structure

The INCA model is a process-based model which simulates the main processes related
to rainfall-runoff transformation and the cycle and fate of several compounds, such as
nitrate, ammonium and phosphorus. Several publications can be found in the literature,
regarding both the model conceptualisation and the model application. The main papers
describing the model structure are Whitehead et al. (1998) [27], who presented the INCA-N
model structure and modelling philosophy, Wade et al. (2002a) [28], who described some
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modifications to the INCA-N structure, Wade et al. (2002b) [29], who presented the INCA-P
model structure, and Lázár et al. (2010) [30], who described the INCA-Sediment model
structure. The INCA microplastics model was first presented by Nizzetto et al. (2016) [22]
as an extension of the INCA-Sediment model adapted for the assessment of microplastics,
and applied to the River Thames.

The hydrological and water quality sub-models of INCA have been applied to several
basins across the UK and Europe, and, in particular, to the River Thames catchment [31–38].
INCA is a semi-distributed process-based model which simulates the transformation of
rainfall into runoff and the propagation of water through a river network [28]. Its inputs
are daily time series of precipitation, temperature, hydrologically-effective rainfall and soil
moisture deficit. The latter two are estimated using another semi-distributed hydrological
model, called PERSiST [39]. PERSiST is a semi-distributed catchment-scale rainfall-runoff
model which is specifically designed to provide input series for the INCA family of models.
It is based on a user-specified number of linear reservoirs which can be used to represent
different hydrological processes, such as snow melt, direct runoff generation, soil storage,
aquifer storage and stream network movement. The description of its application to the
River Thames can be found in Futter et al. (2014) [39].

The sediment transport module uses direct runoff fluxes and predicted stream flow
regimes to calculate entrainment and depositions of particles from/to bed sediments. This
module can be used to simulate the transport of natural particles (soil particles and sus-
pended sediments) as well as the transport of artificial particles (such as microplastics). In
addition, direct effluent inputs can be arbitrarily postulated in multiple locations through-
out a river network to simulate emission of particles directly to the stream or sediment bed.
This for example can be used to set direct inputs of microplastics to the river (e.g., from
WWTP effluents).

The sediment particle classes used in this study are clay (0–2 µm), silt (2–60 µm), fine
sand (60–200 µm), medium sand (200–600 µm) and coarse sand (600–2000 µm). However, in
the case of the microplastics, no microplastics particles above 1000 µm were measured [18],
and so the MP particle classes used in this study were limited to four class size ranges,
namely MP1 (1–5 µm), MP2 (5–100 µm), MP3 (100–350 µm) and MP4 (350–1000 µm).

2.3. Thames Case Study

The Thames is the longest river in England at 212 km in length, rising in Cricklade
near Cirencester and flowing down to London and on to the North Sea. The river passes
through an urbanised area in the UK, including cities such as Swindon, Oxford, Reading
and Greater London. The Thames is also the main source of water for many of the cities
along its path, including Oxford and London, where over two thirds of London’s water
supply is abstracted from the Thames. Thus, it is a crucial source of water for South
East England. The river also has extensive monitoring networks managed by the UK
Environment Agency for both for flows and water quality with water quality data going
back to the 1930s [40] and flows going back to the 1870s. Average flows are around
29.8 m3/s at Days Weir and up to 65.8 m3/s at its tidal limit at Teddington Weir at Kingston.
The River Thames is also highly valued for its ecology with extensive fisheries and it is
also used for recreational use such as canoeing, boating, etc. Thus, the Thames is an ideal
catchment with which to model and evaluate impacts of microplastics.

The River Thames and its tributaries drain a catchment area of approximately 10,000 km2

(non-tidal part) in Southern England, with both permeable and impermeable geologies. Land
cover is characterised by significant areas of arable agriculture and pasture in the upper parts
of the catchment, while significant forest areas are found throughout. Total population in the
catchment approaches 10 million. The model was set up by dividing the River Thames into
8 reaches, as shown in Table 1, and their respective sub-catchments, from the source of the
River Thames at Cricklade to its tidal limit at Teddington Weir, Kingston (Figure 1). This setup
has been used in many previous applications of INCA-type models to simulate transport
of contaminants, sediments and pathogens. Thus, the simulations presented here finish at
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the most downstream freshwater point at Teddington Weir, and do not include the tidal
sections. However, the model does provide concentration time series and fluxes flowing over
Teddington weir and, hence, the loads being transported into the tidal and estuarine system.
In this study we have used datasets for the period 2008–2018 inclusive and simulations are
presented covering this time period.

Table 1. INCA model reaches characteristics.

Reach
Downstream

Section
Catchment
Area (km2)

Reach
Length (m)

Effluent
Flow (m3/s)

Mean
Slope

%
Arable

%
Pasture

%
Forest

%
Urban

1 Eynsham 1609 54,100 0.50 0.0005 74.3 16.5 2.8 6.4

2 Oxford 526 12,420 0.14 0.000418 60.2 16.3 5 18.5

3
Sutton

Courtenay
1288 18,960 0.70 0.000374 72.4 15.3 2.2 10

4 Days Weir 58 9320 0.06 0.000128 78.8 0 2.8 18.3

5 Reading 1154 35,150 0.43 0.000273 72.8 10.3 8.2 8.6

6 Staines 3632 70,410 3.85 0.000406 43.9 12.2 15.1 28.7

7 Walton 1102 9540 0.81 0.0001 38.8 13.1 25.3 22.7

8 Kingston 589 7740 0.96 0.0003 30.5 15.4 17.7 36.3

Figure 1. The non-tidal part of the Thames River catchment used in the simulations showing reach
endpoints and sub-catchment structure.

3. Results

3.1. Driving Climate and Spatial Data

The INCA model requires daily precipitation and mean daily temperature series as a
time series daily driver for the model hydrology. Given the topography of the catchment,
with steep upper reach slopes and a relatively large difference in altitude from the uplands
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to the lowlands, and the natural spatial variability of rainfall, a single station cannot provide
exhaustive information about the precipitation falling on the catchment. For this reason,
the average precipitation, minimum and maximum temperature falling on the catchment
was determined, using information from several active rain gauges located within the
catchment. The mean temperature was calculated as the average between minimum and
maximum temperature. The Met Office station meteorological information can be found in
the British Atmospheric Data Centre. The average daily rainfall and temperature series
were computed by creating a gridded dataset of daily precipitation and temperature data
on a 5 × 5 km, based on the available station data and using the Thiessen polygons method.

Spatially distributed information is needed to estimate some of the INCA model
parameters. The Ordnance Survey (OS) Terrain 50 m Map was used as a digital elevation
model. The digital elevation model was used to define the sub-catchment boundaries,
to calculate the area of the sub-catchments and to compute mean sub-catchment and
reach slope. The Land Cover Map 2007 (LCM2007), released by the Centre of Ecology
and Hydrology (CEH) in 2011, was used to characterise the land uses in the catchment
(https://www.ceh.ac.uk/services/land-cover-map-2007 accessed 12 November 2019).

Observations of flows, sediment fluxes and microplastics fluxes are required to adjust
the INCA model parameters to correctly reproduce the natural system (i.e., for calibration
and validation purposes). Daily flow data are available at several stations along the River
Thames, provided by the National River Flow Archive (NRFA). Suspended sediment
concentration measurements were available from the UK Environment Agency at several
points along the River Thames and these measurements, together with the corresponding
flow measurements for the same days of sampling, were used to estimate the daily observed
sediment flux.

Measurements of MP abundance in wastewater effluent and wastewater sludges were
obtained from the UK Water Industry Research (UKWIR) [18] together with estimates of
microplastics abundance and size distributions in British rivers. Microplastics concentration
data in wastewater effluents were combined with the wastewater flows for all the main
STWs along the Thames to create a mass discharge rate of microplastics into the river
system. In addition, the UKWIR study evaluated microplastics in agricultural sludge
applications to land and found that microplastics in sewage sludges vary between 500 and
4000 particles per gram. The average application rate of sludges in agricultural areas is 10
kg/ha/year [41]. In the INCA model the sludge applications are applied to agricultural
land and erosion and transport equations are used to flush and transport the microplastics
from the land surface into the river system.

3.2. Model Calibration and Validation

The model parameters were adjusted to reproduce the flow and sediment flux of the
River Thames at several sections. Given the lack of microplastics data, it was assumed
that the goodness of fit of the model in reproducing the sediment flux was a proxy for its
suitability to reproduce microplastics transport [42]. The calibration and validation results
for flow and sediments are shown in Figure 2.

The goodness of fit of the model was measured by means of the Kling and Gupta
Efficiency (KGE [43] on the flow and sediment mass. The model showed a KGE value of
0.459 and 0.588 for the flow (calibration and validation periods respectively) at Days Weir
and 0.845 and 0.956 at Kingston. In terms of sediment mass, the KGE values were 0.859
and 0.282 at Days Weir and 0.820 and 0.81 at Kingston.
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Figure 2. Calibration (2008–2012) and validation (2013–2018) results of the INCA microplastics model in the River Thames
at two stations (Days Weir and Kingston), in terms of flow (upper plots) and sediment mass (lower plots). Black: observed,
red: simulated.

3.3. Model Comparison with MP Measurements for Sediments and Surface Waters

Horton et al. (2017) [13] carried out measurements of microplastics abundance in
bed sediment for tributaries of the River Thames, including the Rivers Cut, Leach and
Lambourn and these measurements were made downstream of sewage treatment discharge
points. Horton et al. (2017) [13] measured the number of particles observed in 100 g of bed
sediment and by assuming a density of the plastic particles of 1200 kg m−3 and, knowing
the particle diameters, we computed a percentage of plastics in the bed sediments equal
to 0.1–0.47%. In terms of sediment microplastics, the model used in our study returned
an average percentage of microplastics in the bed sediment values of 0.1% during low
flows, which correspond with the samplings by Horton et al. (2017) but are slightly lower.
However, the samples collected by Horton et al. (2017) [13] were collected downstream of
sewage works discharge points in tributaries of the Thames and, therefore, higher values
were obtained in the Horton analysis. In the main river, away from direct discharges,
average levels would be lower due to dilution and the increased scale of the main Thames.

The modelled suspended microplastics size distribution were also compared with
the mass distributions for raw water provided by Ball et al. (2020) [18]. The UKWIR
report [18] provides a total count of microplastics in wastewater and wastewater sludges,
and a diameter distribution. In order to estimate the mass, we computed the volume of one
particle of each microplastics class by diameter assuming the shape of the particles was
a sphere, and then their mass, assuming a density of 1200 kg/m3. Then, given the total
count of microplastics and the diameter distribution provided by UKWIR, we estimated
the total number of particles for each class. Using the particle mass computed above, we
calculated the total microplastics mass (per class and overall) to be approximately 30%
of MP3 and 70% of MP4 in terms of mass. We estimated a negligible presence of MP2,
as an average across rivers. The INCA Microplastics model results estimate proportions
of MP3 and MP4 for the Thames and these range from 31–69%, with this range varying
slightly depending on the reach or location along the river. This variation is driven by the
sources of microplastics entering a specific reach and reach characteristics such as depth
and velocity, which will control sedimentation and transport rates.
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Given that the model was reproducing the observed flows, the sediment loads and the
MP3 and MP4 loads in the river system, we decided a set of scenarios could be conducted
using the INCA model.

Scenario 1: Microplastics input from wastewater effluent

The first scenario analysis of this study considers effluent discharges as the only
microplastics entering the river. As mentioned above, the concentrations of microplastics
entering the river system from the effluents were estimated based on [18]. The river system
was simulated for 10 years of daily hydrology and microplastics and Table 2 shows the
average annual suspended microplastics mass load (in kg/year) computed by the model
for every reach of the River Thames and Figure 3 shows this as a bar chart for the different
MP particle sizes and the different reaches. Note that at the downstream Teddington
Weir at Kingston, there is 98,578 kg/year of microplastics moving into the estuary system,
as estimated by the model. Figure 4 shows the load profile along the river system and
indicates the rapid build-up of microplastics in the lower reaches of the river for the
different microplastics size fractions. The build-up reflects the increasing population levels
and hence effluent discharges in the downstream reaches.

Table 2. Average annual suspended Microplastic mass load (kg/year) by microplastics particle size
and by river reach (scenario 1).

Class MP1 MP2 MP3 MP4 Total

Eynsham 7 12 4514 8927 13,460

Oxford 3 6 2335 4795 7139

Sutton Courtenay 7 14 5913 11,989 17,923

Days Weir 7 13 4848 8992 13,860

Reading 30 51 16,114 33,886 50,081

Staines 320 616 288,816 640,622 930,374

Walton 46 87 37,827 74,177 112,137

Kingston 40 77 33,056 65,405 98,578

Scenario 2: Microplastics input from wastewater effluent and sludges application in

agriculture

The second scenario analysis considers the combined effects of effluent discharges and
sewage sludge from agricultural diffuse runoff as the microplastics inputs to the river. As
mentioned above, the load of microplastics entering the river system from sewage sludge
was estimated based on [18]. Table 3 shows the average annual suspended microplastics
mass load (in kg/year) computed by the model for every reach of the River Thames.
Figure 3 shows this as a bar chart for the different microplastics particle sizes and the
different reaches, showing a significant increase under this sewage sludge application
scenario. Fluxes to the estuary have now gone up to 106,114 kgs/year. Note the higher
flux at Walton reflecting the large sewage discharges from Staines and Slough. The drop
to Kingston indicates that there is a significant deposition onto the riverbed in the lower
reaches of the river. This sediment load will build up over the years and could be flushed
out during flood events. Figure 4 shows the added microplastics loads at different reaches
along the river system.
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Figure 3. Comparison of the three scenarios in terms of average annual suspended mass load (kg/year) per microplastics
class and per reach.



Water 2021, 13, 861 10 of 19

Figure 4. Model results showing microplastic loads (kg/year) at reach locations down the River
Thames (top) and loads at Oxford for the different microplastics classes and for the three scenar-
ios (bottom).

Table 3. Average annual suspended microplastics mass load (kg/year) by microplastic particle size
and by river reach (scenario 2).

Class MP1 MP2 MP3 MP4 Total

Eynsham 7 1138 7394 8970 17,509

Oxford 3 559 3809 4817 9188

Sutton Courtenay 7 984 8630 12,030 21,651

Days Weir 7 926 7013 9023 16,969

Reading 30 3764 23,790 34,010 61,594

Staines 320 21,131 342,260 641,543 1,005,254

Walton 46 2850 44,684 74,288 121,868

Kingston 40 2252 38,330 65,491 106,113

Scenario 3: Mitigation

The third scenario analysis of this study considers effluent water and wastewater
sludges as the microplastics inputs to the river but considers mitigation of microplastics
inputs in the river system by technical means such as finer screening of effluents or use of
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wetlands to control discharges from the agricultural diffuse sources into the river system.
For example, if we were able to halve the microplastics loads for sewage works then Table 4
shows the average annual microplastics mass load (in kg/year) computed by the model for
every reach of the River Thames and displayed in Figure 3 as a bar chart for the different
microplastics particle sizes and the different reaches, showing a significant decrease in
microplastics under the mitigation strategy. This is interesting from a policy perspective
as the model can clearly be used to assess alternative management or policy options and
could be applied on a catchment-by-catchment basis to develop an optimal strategy or
policy. In this mitigation scenario the flux to the estuary drops to 53,056 kg/year.

Table 4. Average annual suspended microplastics mass load (kg/year) by microplastic particle size
and by river reach (scenario 3).

Class MP1 MP2 MP3 MP4 Total

Eynsham 3 569 3697 4485 8754

Oxford 2 280 1904 2409 4594

Sutton Courtenay 4 492 4315 6015 10,826

Days Weir 4 463 3507 4512 8485

Reading 15 1882 11,895 17,005 30,797

Staines 160 10,565 171,130 320,771 502,627

Walton 23 1425 22,342 37,144 60,934

Kingston 20 1126 19,165 32,745 53,056

In Figure 4, the lower plot shows the comparison of the three scenarios for the Oxford
Reach and illustrates the main sources of the microplastics from the effluents with the
sludge component adding to the total load at Oxford. The mitigation measure significantly
reduces the total load in the river system. Finally, Figure 5 compares the loads at Kingston
for the microplastics fractions and the total load. The loads vary with the different scenarios
as expected and illustrate the large total loads of microplastics leaving the freshwater river
system and moving into the estuary.

Figure 5. Microplastic Loads at Kingston moving from freshwater River Thames to the estuary system.
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4. Discussion

4.1. Approaches to Microplastics Mitigation through Policy, Regulation and Management

The River Thames case study above illustrates that it is possible to simulate the fluxes
of microplastics moving down river systems and also consider point and diffuse sources,
as well as mitigation strategies. How, then, do these proposals for controlling microplastics
relate to local or national policy on microplastics in the case study catchment?

The source–pathway–receptor model provides a framework to identify the key areas,
gaps and policy/regulatory instruments that could be applied, as shown in Figure 6. The
main types (primary, secondary, intentional, unintentional), sizes, sources (point, diffuse)
and pathways of microplastics to freshwaters (receptors) are summarised in Figure 6.
Two ‘sources to pathways’ examples were used in the INCA model simulations, namely
microplastics loadings from wastewater treatment plants (WWTPs) and sewage sludge
applications to agricultural fields. The INCA microplastics model results demonstrate that
mitigation strategies can significantly lower microplastics loadings in the River Thames.
Mitigation can either be at the source, e.g., plastics are removed through financial incen-
tives for recycling; or along pathways, e.g., application of policy or regulations to oblige
stakeholders to reduce microplastics to agreed, standardized loads.

Figure 6. Microplastic sources, pathways, legislation and mitigation measures.

4.2. Mitigation Approaches at the Source

Mitigation and elimination at the source of intentional and unintentional release of
microplastics is the most effective way of preventing microplastics from reaching rivers
and watercourses. There are different approaches to, and recent examples of, mitigation
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at the source including effective legislation and enforcement focusing on plastics and
microplastics; enhancement and regulation of the circular economy; incentivising the de-
velopment of non-plastic, alternative materials, as long as they do not cause unintended
consequences such as introducing new pollutants into the environment; revaluing recycled
plastic through incentivising and monetizing the demand and supply chain; adopting
behaviour and voluntary changes by individuals, businesses, industry, for the use and
disposal of plastics; promoting awareness campaigns on the sources and impacts of mi-
croplastics; improving labelling and certification of products for recycling; mandating
recycled content of products; and outright banning of plastic products for certain uses, e.g.,
microplastic beads in cosmetics. Some of these approaches will be reviewed below.

4.3. Impacts of BREXIT and the UK Leaving the EU

The UK left the European Union (EU) at the end of 2020 and there is now an active
and on-going debate surrounding the new proposed Environment Bill 2019–21 and the
plastic waste review [44]. There is a period of transition for the UK where EU Directives
and legislation still apply, but in the case of microplastics mitigation, opportunities for
the provision of new targets, plans and policies for improving and protecting the natural
environment have arisen. The UK Government, via the 25 Year Environment Plan, has
laid legislation to reach net-zero carbon emissions by 2050, and has committed to working
towards zero avoidable waste by 2050, eliminating avoidable plastic waste by 2042, meeting
all existing waste targets including for reuse and recycling, and, significantly, reducing all
kinds of marine plastic pollution including that originating from land. The Environment
Bill 2019-21 is establishing a new public body—the Office for Environmental Protection
(OEP)—as the UK’s independent, domestic watchdog, thereby replacing the role of the
European Commission on 1 January 2021. Once fully established (there is currently an
Interim Environmental Governance Secretariat), with its scrutiny and advice functions, the
OEP will monitor progress in improving the natural environment in accordance with plans
and targets; through complaints and enforcement mechanisms, it will manage compliance
issues relating to environmental law. Further relevant legislation is in progress or has been
approved as a UK statutory instrument and came into force on EU exit day. In this context
there is the detailed Floods and Water (Amendment, etc.) and (EU Exit) Regulations
2019 which contains a number of amendments of primary legislation e.g., Water Act
2014, and secondary legislation, e.g., Water Environment Regulations, and Sludge (Use in
Agriculture) Regulations. The new Environment Bill 2019–21 is still in progress through the
UK Parliament and delayed by the pandemic crisis; it is unclear when it will complete its
passage and, therefore, when the OEP will be fully functional, but together with the various
Amendments it does provide opportunity to influence the microplastics legislative agenda.

4.4. Legal Controls on Plastic Transport

At the international level, there are several instruments relevant to the mitigation of
transboundary plastics pollution including the Commonwealth Clean Oceans Alliance, and
the Basel Convention Plastic Waste Amendment adopted at COP-14 in 2019. Other legal
frameworks relevant to microplastics mitigation at the source in the UK are the Climate
Change Act 2008 and the Climate Change (Scotland) Act 2009 (www.legislation.gov.uk
accessed 10 November 2020), both of which provided the legal powers to enable UK
national authorities to introduce secondary legislation on charges for single-use plastic
bags, reducing usage by 90%. In 2018 the UK (England and Scotland) imposed a ban on the
use of rinse-off microplastic beads in cosmetics e.g., in shaving foam, toothpaste, shower gel,
exfoliants, but a ban, we suggest, should be extended to include other significant categories
and sources of intentional microplastics pollution such as in synthetic polymer-based paints
used for road markings, and many domestic and industrial cleaning abrasives. Bans are
not always straightforward to achieve, however, and the example of the metaldehyde (slug
pellets) ban approved by the UK government in 2018 and then overturned in the High
Court in 2019 is a case in point.
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Various new European rules are worth highlighting. An obligatory new rule on
single-use plastics came into force in May 2019 for all EU states by 2021—Single-Use
Plastics Directive. This is part of the EU Plastics Strategy (www.ec.europe.eu accessed 10
November 2020; [44]) to reduce plastics pollution while fostering growth and innovation.
The focus of the Directive is to ban single-use products such as cotton buds, plastic cutlery,
etc; instigate measures to reduce usage of plastic beverage and food containers; initiate
Extended Producer Responsibility schemes (see below); and a suite of recycling targets
for plastic bottles (such as collecting 77% of plastic bottles by 2025 via a deposit return
scheme, and 90% of bottles by 2029). It also restricts the addition of polymer microplastics
to fertilizers (used for slow release of nutrients and to prevent lumping) and obliges a
switch to biodegradable polymers in fertilizers by 2026. In December 2019, the European
Commission launched the European Green Deal, an action plan for a clean, circular economy,
restoring biodiversity, and cutting pollution. The UK needs to ensure that the detail of
these instruments and plans are embedded in post-Brexit legislation and targets, e.g.,
deposit return schemes, producer responsibility schemes, consistent plastic recycling and
clear labelling.

4.5. Taxation Controls

Of further significance for reducing single-use plastics at the source is the Plastic
Packaging Tax due to take effect from April 2022. This is a new tax that applies to plastic
packaging produced in, or imported into the UK that does not contain at least 30% recycled
plastic (www.gov.uk accessed 10 November 2020; UK Government 2018). The tax will pro-
vide a strong economic incentive for businesses to use recycled material in the production
of plastic packaging, creating greater demand for this material and stimulating increased
recycling and collection of plastic waste. The government is due to publish draft legislation
for consultation in 2020, which will set out the key features of the tax e.g., an anticipated
£200 per tonne tax for packaging with less than 30% recycled plastic. Complementing the
Plastics Tax is the launch of the Commons Select Committee on Plastic Food and Drink
Packaging in September 2019 and the UK Plastics Pact (the Pact) in 2018 by WRAP. The Pact
is a coalition of more than 120 businesses, government, local authorities and organisations
collectively making or selling 85% of the plastic packaging used in UK supermarkets.
The Pact has four targets, to be achieved by 2025: Eliminate problematic or unnecessary
single-use plastic packaging through redesign, innovation or alternative (re-use) delivery
models; 100% of plastic packaging to be reusable, recyclable or compostable; 70% of plastic
packaging effectively recycled or composted; and 30% average recycled content across all
plastic packaging. We suggest that it is vital to monitor the effects of the tax and pact on the
mitigation of microplastics loads via systematic sampling and modelling to inform future
legislation and regulation.

4.6. Other Diffuse Sources

Discarded plastic items into the environment and car tyre wear are the two greatest
sources of microplastic pollution [1,45] and reducing these two sources alone would signifi-
cantly decrease microplastics pollutants in freshwaters and freshwater sediments in the UK.
In The Netherlands, proposed mitigation measures for reducing microplastics from car tyre
wear include raising the legal threshold for car tyre abrasion and alignment, systematic
road cleaning in urban areas, reducing abrasion from road surfaces via use of mandatory
non-porous asphalt, and further developing fiscal incentives to reduce car use in general.
The stemming of discarded plastics into the environment is a continuing effort by civil
society, through public engagement and raising awareness of the issue—plastics pollution
has certainly hit the public consciousness. There are numerous existing public engagement
initiatives and partner projects, e.g., Great Global Nurdle Hunt, Earthwatch ‘Plastic Rivers’
project, River Trust ‘Preventing Plastics Pollution’ project, and there are opportunities for
the public to influence plastics pollution via consumer choices, education, and support
for research and development into alternative plastics materials. Furthermore, established
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freshwater citizen science projects and organisations should expand their sampling to
include microplastics monitoring and awareness raising, e.g., Riverfly Partnership, Global
Water Blitz.

The need to find alternative environment-friendly materials to plastics has spurred
many technology and innovation initiatives. For example, a French think tank, Atelier
Luma, is investigating whether treated algae can be used as an alternative material to
plastic based on petrochemicals (BBC, 24 January 2020); and Tournier et al. (2020) [46] have
engineered an enzyme that breaks down poly(ethylene terephthalate) (PET) polyester plas-
tic (90% of 200 g of PET in 10 h) and used the terephthalate and ethylene glycol generated
by the enzyme to produce new PET plastic bottles that are as strong as those made from con-
ventional plastics, thereby significantly contributing to the circular economy. Investment
into research and development of alternative materials and recycling technology, with a
focus on chemical recycling rather than mechanical recycling, is a vital part of microplastics
mitigation at the source.

4.7. Mitigation Approaches along Pathways

Microplastics mitigation along pathways may be more diffuse than at the source. The
reduction of microplastics in rivers can be achieved by better controls on the disposal of
microplastics in waste, entering river systems from either sewage effluent discharges or via
sludge disposal to agricultural land. The modelling suggests that the loads can be reduced
by 50% by adopting fairly conventional controls but that improvements beyond this will
require better technologies for MP removal. Improving the technology is a challenge for
industry and research, but new technologies should be available in future years.

Based on the modelling conducted in this research, mitigation instruments, via legis-
lation and regulation, could be applied to the River Thames, other catchments or, in the
case of the UK, to private water company regions to control microplastics loadings. Eleven
water companies in England and Wales manage Water Supply and Wastewater Treatment
and, if incentivised, could adopt the technologies to significantly reduce microplastics from
discharges into rivers or from agricultural sludge. For example, disc filters were success-
fully used to remove microplastics in Denmark at the Grindsted WWTPs [47]. Talvitie et al.
(2017) [48] evaluated large conventional WWTPs in Finland and concluded that commonly
used, and efficiently working, primary and secondary treatments removed up to 99% of
particles sized 20 µm–5 mm. Further removal of microplastics was achieved using several
additional technical solutions such as a membrane bioreactor (efficiency up to 99.9%), sand
filtration (97%), dissolved air flotation (95%) and a disc filtration system (40–98.5%).

Nizzetto et al. (2016b) [41] estimate that 125–850 tons of microplastics per million
inhabitants are added annually to European agricultural soils either as direct sewage sludge
or as processed biosolids, and the technologies needed to eliminate microplastics from
sludges in WWTPs are reviewed by [11,49]. The evidence demonstrates that agricultural
sludge application creates a significantly greater source of microplastics into watercourses
than direct effluent from large WWTPs.

Currently in the UK, European Union and North America sludge applications are
routinely applied to agricultural land. No regulation of microplastics loads is in place,
mainly due to the lack of agreed and standardised testing methods. Introducing legislation
to regulate permitted levels of microplastics in WWTPs sludge and using, for example,
pyrolysis technologies [11] to remove microplastics pollutants, would potentially reduce
microplastics from this pathway. In the Sewage Sludge in Agriculture: Code of Practice
for England, Wales and Northern Ireland (2018) for final treated effluent, there is manda-
tory testing by the producer (e.g., water companies) and the user (e.g., farmers) using a
published list of Potentially Toxic Elements (PTE) that focuses on metals and pathogens
(www.gov.uk accessed 11 December 2020). If the list of PTEs included microplastics it
would put the responsibility of treating the sludge before application onto the producer (in
this case the water companies).
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EurEau (2019) [49] and the EU recommend the principle of extended producer re-
sponsibility (EPR) to tackle microplastics pollution, if measures to control at the source
are insufficient. Applying this principle, manufacturers that affect the water environment
through their products, would have to finance mitigating measures at other life cycle
stages or along pathways. It would put the cost on the producer rather than the consumer.
Applying EPR principles to the UK could be undertaken by the new Office for Environ-
mental Protection. The OEP could impose measures such as introducing compulsory
environmental risk assessment for all products containing plastics with exposure to fresh-
water; devising regulations for washing machine and dishwasher producers; devising or
implementing standards and regulations for textile manufacturers and tyre manufacturers;
devising or implementing standards for WWTPs and sewage sludge; and obliging plastics
producers to contribute to the upgrade of waste water infrastructure and, in particular,
WWTPs. However, success is entirely dependent on having robust, standardised methods
for measuring and monitoring microplastics, as outlined below.

4.8. Mitigation Approaches through Standardization of Measurement

The most significant microplastics were found to be in the range MP3 (100–350 µm)
and MP4 (350–1000 µm) and the modelling shows that the mitigation measures that
could have significant effects on microplastics concentrations and loads in rivers. One
clear shortcoming in microplastics research is the lack of standardisation of protocols for
measuring, quantifying and comparing MP loads. The success of policy or regulation
aimed at mitigating microplastics at the source and along pathways is entirely dependent
on having robust, standardised methods for measuring and monitoring the outcomes, and
we urgently support the initiatives to produce international guidelines and standards of
measurement. However, the strategy utilized in the UKWIR study [18,19] offers a new
standardised protocol. Freshwater aquatic organisms, during their life cycles are likely
to be continuously exposed to the most harmful microplastics size range (>100 nm and
<100 µm) which correspond to MP1 and MP2 in the INCA model, and NPs (0.1–100 nm)
of a mixed quality (chemical adsorption and microbial biofilms) of weathered fibres and
fragments [50].

A review on the human health impacts of microplastics [50] concluded that data
to assess the exact exposure of humans to micro- and nanoplastics through diet cannot
be produced until standardised methods and definitions are available. We have high-
lighted the lack of standard methods in relation to freshwaters, and we conclude that the
success of legislation and regulation of microplastics in freshwaters cannot be evaluated
without robust techniques for monitoring and classification. It is encouraging to see that
the European Commission’s Joint Research Centre launched in February 2020 a global
study (130 laboratories included) with the aim of standardising methods for measuring
microplastics in water; and the International Organization for Standardization (ISO) is
working on different work programmes towards standardisation of methods for numerous
plastics and microplastics types in different environments (ISO 2020).

The New EU Rules on Drinking Water (2018) empowers the European Commission
to develop a standard methodology to measure microplastics with a view to including
microplastics on the watch list of emerging pollutants, and, in this case, the assessment
and enforcement of drinking water quality. In its Evaluation of the Urban Wastewater
Treatment Directive (2019), the Commission advocates standard methods to measure
microplastics in the influent and effluent of WWTPs with the aim of assessing the effects
of removing microplastics from wastewater on sludge composition. We strongly support
the move towards standardised techniques, without which it is not possible to assess
either the risks and impacts of MP pollution on freshwater ecosystems, or the impacts of
mitigation instruments.
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5. Concluding Remarks

This study has provided considerable insight into the movement of microplastics along
the River Thames, the build-up of microplastics along the river system and the fluxes of MP
being transported along the river system. The total load of microplastics of 100,000 kg/year
or 100 Tonnes/year is an enormous flux of microplastics being flushed down the river
system and out into the Thames estuary. With the large loads and concentrations of MP in
the Thames, the impacts on aquatic life are likely to be significant, as will the impacts on
marine aquatic ecosystems.

We recommend that the focus of new policy and regulatory instruments should be on
reducing or progressively eliminating microplastics from entering identifiable pathways.
The new Environment Bill 2019–21 is progressing through the UK Parliament and provides
an opportunity to influence the microplastics legislative agenda. However, the UK needs
to ensure that the detail of existing EU instruments and plans are embedded in post-Brexit
legislation and targets, e.g., deposit return schemes, producer responsibility schemes,
consistent plastic recycling within the circular economy, and clear recycling labelling. The
ban of microplastic beads in wash-off products is to be applauded but it should be extended
to include other significant categories and sources of intentional microplastics pollution
such as many domestic and industrial cleaning abrasives. We suggest that it is vital to
monitor the effects of the new UK Plastics Tax, and the Plastic Pact, on the mitigation of
microplastics loads in freshwaters via systematic sampling to inform future legislation
and regulation. Furthermore, investment into research and development of alternative
materials and recycling technology is a vital part of microplastics mitigation at the source.
There are many opportunities for the public to influence plastics pollution via consumer
choices, education and freshwater citizen science projects and there is scope to develop
public engagement further.

More regulation could be achieved via the designation of microplastics on the list of
Potential Toxic Elements, which would put the responsibility of treating the sludge before
application onto the producer (in this case the water companies). Applying Extended
Producer Responsibility principles to the UK could be undertaken by the new Office for
Environmental Protection. We suggest that the OEP could impose measures such as in-
troducing compulsory environmental risk assessment for all products containing plastics
with exposure to freshwater; devising regulations for washing machine and dishwasher
producers; devising standards and regulations for textile manufacturers and tyre man-
ufacturers; devising standards for all WWTPs and sewage sludge; and obliging plastics
producers to contribute to the upgrade of waste water infrastructure, and in particular
WWTP technologies for microplastics mitigation.
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