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Abstract  High loads of microplastics and anthro-
pogenic fibres can be discharged from wastewater 
treatment plants (WWTPs) into surface water bodies. 
Integrated Constructed Wetlands (ICWs) are poten-
tially well suited to provide a cost-effective mitigation 
solution at small WWTPs where conventional treat-
ment is prohibitively expensive. This study aimed to 
assess the microplastic and anthropogenic fibre reten-
tion efficiency of two ICWs (Northrepps and Ingold-
isthorpe) in Norfolk (UK) over a 12-month period 
(2022–2023). Analysing a total of 54 water and 23 
sediment samples, the findings revealed that North-
repps ICW received on average 349,920 (± 763,776) 

anthropogenic fibres day−1, with a retention rate of 
99.3%. No seasonal variation was observed in reten-
tion efficiency. Ingoldisthorpe ICW intermittently 
received anthropogenic fibres in low concentrations, 
with an average of 9504 (± 19,872) day−1 and a reten-
tion rate of 100%. Microplastics and anthropogenic 
fibres were prevalent in sediment samples of the first 
cell of Northrepps ICW, averaging 10,090 items kg−1 
dry sediment, while none were found at concentra-
tions above the limit of detection in the second or 
third cell. Of the 369 fibres analysed by ATR-FTIR, 
55% were plastic (dominated by polyester). Of the 
140 suspected microplastic fragments analysed by 
ATR-FTIR, 73% were confidently identified as plas-
tic (mostly polystyrene, polyethylene, or polypropyl-
ene). This study demonstrates how ICWs can effec-
tively retain sewage effluent derived microplastics 
and anthropogenic fibres. However, the accumulation 
of plastic waste in ICWs may complicate long term 
management and their cost-effectiveness.

Keywords  Microplastic · Constructed wetlands · 
Sewage · Wastewater treatment · Anthropogenic 
fibres

1  Introduction

High microplastic and anthropogenic fibre loads 
can be discharged into rivers from wastewater treat-
ment plants (WWTPs) with primary, secondary, and 
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tertiary treatment (Blair et  al., 2019; Napper et  al., 
2023; Ziajahromi et al., 2017). Generally, microplas-
tics in WWTP influent are derived from a variety of 
sources (Prata, 2018), while washing machine emis-
sions are a dominant source of anthropogenic fibres 
(Browne et  al., 2011). Assuming working operation, 
an average of 72% of microplastics are removed after 
primary treatment, 88% after secondary treatment, 
and 94% after tertiary treatment (Iyare et  al., 2020), 
although removal rates can be as high as 99.9%, as 
reported by Carr et  al. (2016). Tertiary treatment is 
expensive and is typically used in WWTPs discharg-
ing into sensitive waterbodies and serving population 
equivalents > 10,000 (Bunce et  al., 2018), thus lim-
ited cost-effective measures are available to resolve 
the problem of microplastic and anthropogenic fibre 
release from WWTPs. Additionally, WWTPs do not 
always perform as they are intended to (Hammond 
et  al., 2021) and releases of untreated wastewater 
contribute a significant source of microplastics and 
anthropogenic fibres to waterbodies, particularly 
from combined sewer overflows during rainfall events 
(Woodward et  al., 2021). Hence, WWTP discharge 
exports significant microplastic loads to the sea 
(Siegfried et  al., 2017). Risk assessment for micro-
plastic particles is complicated (Koelmans et  al., 
2023), especially given the diversity of microplastics 
(Rochman et al., 2019). However, microplastics act as 
vectors of other pollutants enhancing their transport 
(Wagstaff et  al., 2022) and leach chemical additives 
from within the plastic itself, such as endocrine dis-
rupting plasticizers (Meeker et al., 2009).

In addition to microplastics, WWTP discharges 
can elevate nutrient levels in rivers (Cooper et  al., 
2022) and increase eutrophication risk (Jarvie et  al., 
2006a). This can be particularly detrimental where 
WWTPs discharge into sensitive waterbodies, such 
as rare chalk streams and lacustrine environments that 
would naturally be oligotrophic (Edo et al., 2020; Jar-
vie et al., 2006b). As a result, integrated constructed 
wetlands (ICWs) have been applied to enhance the 
water quality of WWTP effluent prior to release into 
surface waterbodies (Scholz et al., 2007). ICWs gen-
erally consist of a series of connected surface flow-
ing ponds containing shallow water year-round sup-
plied entirely from WWTP effluent (Fig.  1). Their 
implementation balances ecological aims of wetland 
restoration and engineering targets for economically 
and consistently enhancing water quality (Babatunde 

et  al., 2008). The two ICWs investigated in the pre-
sent study, Northrepps and Ingoldisthorpe, Norfolk 
(UK), have been shown to effectively retain nutri-
ents and reduce eutrophication risk from WWTP dis-
charges: mean nitrate and phosphate concentrations 
were reduced by ~ 63% and ~ 30% across the North-
repps and Ingoldisthorpe ICWs respectively (Cooper 
et al., 2020). The dense stands of emergent vegetation 
in ICWs decrease water velocities and promote sedi-
mentation of suspended material, meaning ICWs may 
also be well placed to cost-effectively reduce micro-
plastic loads in receiving waters.

Few studies have assessed microplastic reten-
tion by constructed wetlands, and those that do are 
mostly subsurface flow constructed wetlands (Xu 
et  al., 2022). In a surface flow constructed wetland 
(SFCW) in Northern China, the Lingang Ecologi-
cal Wetland Park, average microplastic removal 
rates were 29.4% from September to October 2020 
(Zhou et  al., 2021). In a nearby SFCW, Konggang, 
microplastic removal rates were 43.7% (Zhou et al., 
2021). These removal rates are based on the num-
bers of microplastics (including fibres) down to 
a reported size of 20  µm. In the Lingang SFCW, 
larger particles (> 100 µm) were better retained than 
smaller (20–100  µm) particles. Fibres were most 
well retained, and fragments least well retained in 
both the Lingang and Konggang SFCW. However, 
the surface flow wetlands studied by Zhou et  al. 
(2021) are not comparable in design to those in the 
present study: they are part of a much larger wetland 
system combined with subsurface flow constructed 
wetlands. The most similar work to the present 
study identified in the literature is that of Bydalek 
et al. (2023). Their study aimed to assess microplas-
tic fate in a surface flow constructed wetland at the 
Cromhall ICW, Gloucestershire, UK. Here the load-
ing rate was 790 m3  day−1 from a secondary treat-
ment WWTP serving 2000 people (Bydalek et  al., 
2023). Although the ICW is relatively similar to 
those in the present study, the sampling campaign by 
Bydalek et al. (2023) occurred only during summer 
months in July and August 2021, so seasonal varia-
tion in ICW performance was not addressed. Con-
structed wetland plant biomass (including under-
ground biomass) is lowest during winter months 
(Zhang et  al., 2022), meaning the microplastic fil-
tering capacity of these wetlands may be reduced 
in winter when loading rates from WWTP effluent 
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are higher due to increased rainfall. Additionally, 
the material composition of suspected microplastics 
and fibres found was not investigated in detail by 
Bydalek et al. (2023), with only 12 particles > 1 mm 
verified by FTIR. Furthermore, microplastic frag-
ments and anthropogenic fibres have not to date 
been quantified in fine bed sediment of ICWs treat-
ing WWTP effluent.

The present study addresses these research gaps 
and aims to assess the microplastic and anthropo-
genic fibre retention efficiency of two ICWs receiving 
treated WWTP effluent (Ingoldisthorpe and North-
repps) over a long duration by:

1. Quantifying anthropogenic fibre retention in 
both ICWs over a 12-month period (May 2022 to 
June 2023) by analysing approximately monthly 
water samples from the inlet and outlet;
2. Assessing how the concentration and size of 
microplastic fragments and anthropogenic fibres in 

fine bed sediment samples changes with distance 
from the inlet in the Northrepps ICW; and
3. Using ATR-FTIR to ascertain the material com-
position of microplastics and anthropogenic fibres 
entering and within ICWs.

2 � Methods

2.1 � Study Location

The Ingoldisthorpe ICW lies on the River Ingol 
(52°51′53′′N 0°31′18′′E, Norfolk, UK), a 10.3  km 
long, predominately groundwater fed lowland cal-
careous river with a 35.3 km2 catchment. The area 
experiences a temperate maritime climate, with 
a mean annual temperature of 10.5  °C and a mean 
annual precipitation total of 684  mm (1991–2020) 
(Meteorological Office, 2023). Parts of the river 
have Special Area of Conservation (SAC), Site of 

Fig. 1   Aerial view of 
Ingoldisthorpe and North-
repps ICWs. Black dots 
with red outlines indicate 
approximate sediment sam-
pling locations. Location 
of approximate transects 
highlighted in the first cell. 
Ingoldisthorpe image (top) 
taken before vegetation was 
planted (Credit: Norfolk 
Rivers Trust). Northrepps 
image (bottom) taken 6 July 
2023. Cells labelled as ‘C1’ 
etc. Cells are outlined with 
dashed black line. ‘Inlet’ 
shows location where the 
wetland is supplied by 
WWTP effluent. ‘Outlet’ 
shows location of wetland 
outflow
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Special Scientific Interest (SSSI), and Ramsar sta-
tus, although it is being degraded by WWTP effluent 
(Cooper et al., 2020). Ingoldisthorpe ICW was oper-
ational in April 2018 and covers 10,788 m2 across 
four shallow (20–30 cm) unlined cells with areas of 
1972 m2 (cell 1), 2450 m2 (cell 2), 3560 m2 (cell 3) 
and 2806 m2 (cell 4) (Fig.  1). Emergent vegetation 
cover in cell 1 is > 90%, and 30–50% in cells 2–4. 
The wetland was planted with 25,000 native aquatic 
plants, including Glyceria maxima, Iris pseuda-
corus, Juncaceae sp., Cyperaceae sp., Typha latifo-
lia, and Caltha palustris. Prior to discharge into the 
ICW, sewage effluent is treated with primary set-
tlement tanks, trickling filters, humus tanks, and a 
nitrifying sand filter. Effluent discharge rate into the 
wetland was approximately 950 m3 day−1 from May 
2022 to June 2023. Cooper et al. (2020) reported an 
outflow rate from the wetland of 129 m3 day−1. Total 
capital costs were £194,000 for Ingoldisthorpe ICW, 
equating to £31 per person served (Cooper et  al., 
2020).

The Northrepps ICW lies on the River Mun, 
(52°53′46′′N, 1°20′41′′E, Norfolk, UK) a 7.9  km 
long groundwater dominated lowland river with a 22 
km2 catchment. The ICW was operational in Octo-
ber 2014 and covers 2900 m2 across three shallow 
(~ 20  cm) unlined cells with areas of 1600 m2 (cell 
1), 700 m2 (cell 2), and 600 m2 (cell 3) (Fig.  1). 
Emergent vegetation cover is > 95% in each cell. 
The wetland was planted with 15,000 native aquatic 
plants including Carex riparia, Iris pseudacorus, 
Alisma plantago-aquatica, Sparganium erectum, 
Veronica beccabunga, and Mentha aquatica. Prior 
to discharge into the ICW, sewage effluent is treated 
with activated sludge, an aeration tank, and a final 
settlement tank. Effluent discharge rate into the wet-
land was approximately 64 m3 day−1 from May 2022 
to June 2023. Cooper et  al. (2020) reported an out-
flow rate from the wetland of 187 m3  day−1. Total 
capital costs were £30,021 for the Northrepps ICW, 
equating to £39 per person served (Cooper et  al., 
2020).

2.2 � Field Campaigns

Water samples were collected over a 12-month period 
at Ingoldisthorpe and Northrepps ICWs at each wet-
land’s inlet and outlet (Supplementary Fig.  1), sam-
pling at approximately monthly intervals between 

July 2022 and June 2023 at Ingoldisthorpe, and 
between June 2022 and May 2023 at Northrepps 
(Table 1).

At the Northrepps inlet, water samples (n = 14) 
were taken from an inspection point approximately 
halfway along the 150  m pipe supplying the wet-
land from the WWTP (Supplementary Fig.  1). At 
the Northrepps outlet (n = 14), Ingoldisthorpe inlet 
(n = 13), and Ingoldisthorpe outlet (n = 13), sam-
ples were collected by holding a plastic bucket (8 
L capacity with 500  mL graduations) beneath the 
pipe, meaning the entire flow of the pipe was sam-
pled (note: only fibres were analysed in these water 
samples, thus use of a non-fibrous plastic bucket 
was deemed low-risk). Known volumes of water 
samples were then poured from the bucket through 
a 38  µm stainless steel sieve (200 × 50  mm) until 
the sieve began to lightly clog (this point was deter-
mined when water would take ~ 30  s to completely 
filter through). Sampling volume therefore varied 
considerably at each location, depending on the tur-
bidity of the water sample. The average sample vol-
ume at the Ingoldisthorpe ICW inlet was 436 (stand-
ard deviation (SD) = 176) L and 300 (SD = 176) L 
at the outlet. The average sample volume at the inlet 
of Northrepps ICW was 44 (SD = 15) L and 314 
(SD = 57) L at the outlet. After sampling, the sieves 
were sealed with a stainless-steel lid and base and 
transported back to the laboratory. A new sieve was 
used for each sampling location. Sampling was per-
formed during dry weather only, although loading 
rates (from WWTP effluent) were variable (Supple-
mentary Table 1).

Fine bed sediment (FBS) samples were col-
lected on 11 and 20 December 2022 from North-
repps ICW and on 22 November 2022 from Ingold-
isthorpe ICW. Three FBS samples were collected 
from Ingoldisthorpe ICW: one in cell 1 (10  m 
from the inlet) and two in cell 4 (at the beginning 
and end of the cell). In the first cell at Northrepps 
ICW, 51 samples were collected at approximately 
2  m intervals (by stride) along three transects, 
although 15 of these were analysed for microplas-
tics (Fig.  1). Eight samples were collected from 
cells two and three at Northrepps (Fig.  1). FBS 
samples were collected using an isolation agita-
tion method based on Woodward et  al. (2021). A 
stainless-steel cylinder (300 × 900 mm) was pushed 
down as firmly as possible approximately 5 cm into 
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the sediment, sometimes requiring vegetation to 
be carefully pulled apart (supplementary Fig.  2). 
The FBS samples were agitated into suspension 
using a stainless-steel saucepan for 30–60  s. Tur-
bid water samples were poured (with the stainless-
steel saucepan) through a sieve stack of 2 mm and 
38  µm until enough sediment could be extracted 
from the 38 µm sieve to approximately fill a glass 
jar (480  mL). The contents of the 2  mm sieve 
were extracted into separate jars to be analysed for 
macroplastics.

2.3 � Laboratory Analysis

2.3.1 � Water Samples

Upon return to the laboratory the same day as sample 
collection, sieves were rinsed (with MilliQ water) into 
glass beakers in a laminar flow cabinet. MilliQ water 
was added to the 100 mL mark, and the same volume 
of sodium hypochlorite (minimum 14% free chlorine) 
was applied to create a 1:1 dilution (v/v). This beaker 
was then sealed with a glass petri dish and placed in 

Table 1    Anthropogenic fibre concentrations and removal performance of the Northrepps and Ingoldisthorpe ICW, derived from the 
water sampling campaign. NA indicates no available data

Wetland Sampling date Inlet Outlet Fibre 
retention 
(%)Volume (L) Fibres L−1 (LOD 

subtracted)
Volume (L) Fibres L−1 (LOD 

subtracted)

Northrepps 06/06/2022 40.5 3.46 228  < LOD 100
Northrepps 24/06/2022 49.5 1.07 375 0.06 94.8
Northrepps 12/07/2022 39 2.90 225  < LOD 100
Northrepps 12/07/2022 39 3.92 NA NA
Northrepps 12/07/2022 39 4.28
Northrepps 02/08/2022 54 3.74 300  < LOD 100
Northrepps 31/08/2022 45 4.36 200 0.08 98.3
Northrepps 03/10/2022 40 2.23 300  < LOD 100
Northrepps 04/11/2022 60 2.37 315 0.03 98.9
Northrepps 04/01/2023 60 2.90 350  < LOD 100
Northrepps 04/01/2023 NA 350  < LOD NA
Northrepps 13/02/2023 69 3.28 350  < LOD 100
Northrepps 13/03/2023 6 39.00 350 0.04 99.9
Northrepps 26/04/2023 30 1.10 350 0 100
Northrepps 26/04/2023 NA 350 0 NA
Northrepps 09/05/2023 45 2.16 350 0 100
Ingoldisthorpe 11/07/2022 600 0.01 252  < LOD 100
Ingoldisthorpe 25/07/2022 630 0.06 NA NA
Ingoldisthorpe 01/08/2022 750 0.01 300  < LOD 100
Ingoldisthorpe 20/09/2022 350  < LOD 350  < LOD NA
Ingoldisthorpe 17/10/2022 350 0.06 175  < LOD 100
Ingoldisthorpe 22/11/2022 140  < LOD 140  < LOD NA
Ingoldisthorpe 29/11/2022 700  < LOD 350  < LOD NA
Ingoldisthorpe 09/01/2023 400  < LOD 350  < LOD NA
Ingoldisthorpe 09/01/2023 NA 350  < LOD NA
Ingoldisthorpe 20/02/2023 350  < LOD 350  < LOD NA
Ingoldisthorpe 27/03/2023 350  < LOD 350  < LOD NA
Ingoldisthorpe 23/04/2023 350 0.01 350  < LOD NA
Ingoldisthorpe 21/05/2023 350  < LOD 350  < LOD NA
Ingoldisthorpe 12/06/2023 350  < LOD 350  < LOD NA
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a shaker incubator (Orbital Shaker Incubator ES-80) 
at 40 °C and 90 rpm for 16–20 h. After digestion, the 
solution was vacuum filtered onto 47  mm diameter 
cellulose nitrate filters (pore size 3  µm). A density 
separation step was not required because the sus-
pended particulate matter within these constructed 
wetlands consisted almost entirely of low-density 
organic material.

Each filter was transferred to a microscope (Leica 
CMA) and fibres were identified by visual inspec-
tion (with 4 × objective). Fibres were categorised 
based on their colour and estimated length grouped 
into three categories: small (38–250  µm), medium 
(250–800 µm), and large (> 800 µm). These measure-
ments represent an estimation because often a por-
tion of a fibre was hidden beneath another layer on 
the filters and attempting to excavate each one would 
risk dislodging other material (including other fibres) 
from the filter.

2.3.2 � Sediment Samples

FBS samples were freeze dried (Scanvac Coolsafe) 
until a constant dry weight was achieved. To remove 
much of the organic material, 400  mL of sodium 
hypochlorite (50% dilution in water) was added 
and left for 16–20  h at 40  °C in a shaker incubator 
(Orbital Shaker Incubator ES-80) at 90  rpm. The 
solution was then filtered through a 38  µm stainless 
steel sieve and rinsed thoroughly. A second digestion 
was then performed for 16–20 h at 40 °C in a shaker 
incubator at 90  rpm. The contents were then rinsed 
into a glass beaker (ensuring as little water as possi-
ble entered the beaker) and placed in a vacuum oven 
at 40 °C until the water level was less than ~ 25 mL. 
Completely drying the sample was avoided at this 
stage to prevent crisps of sediment forming that 
would disrupt the density separation process. Zinc 
chloride (1.5  g  mL−3) was added to the same glass 
jar containing the dried sample and left on a shaker 
at 90  rpm for at least 30  min to better separate any 
sediment agglomerates. The homogenised sample 
was then added to the density separator and topped 
with ZnCl2 (1.5 g mL−3). The density separator (sup-
plementary Fig. 3) used was custom made and based 
on the design of Vermeiren et  al. (2020). The units 
were filled close to the top and left for a minimum 
of three hours before ZnCl2 (1.5 g mL−3) was added 
to overflow the units. The overflow was stopped after 

approximately 100 mL of ZnCl2 had overflowed into 
the glass beaker. The density separator was then left 
for a minimum of three hours following agitation with 
a magnetic stirrer for 60  s before another 100  mL 
was overflowed. After density separation, the sam-
ple (combined overflow) was vacuum filtered onto 
a 47  mm cellulose nitrate filter (0.45  µm pore size) 
before analysis of the filter with a microscope (Leica 
CME). Anthropogenic fibres were identified as for the 
water samples, but in addition microplastic fragments 
were identified by the following criteria:

•Fragment appearing artificially coloured or shiny 
(resembling glitter).
•Fragment dark in colour with sharp edges and 
smooth surface.

2.3.3 � ATR‑FTIR

Selected fibres and suspected microplastic fragments 
were extracted with either tweezers or a 33-gauge 
syringe needle into a glass beaker containing water. 
An attempt was made to extract approximately every 
tenth fibre and fragment found (on each water and 
sediment sample filter, respectively) for chemical 
identification. In total, 369 fibres and 140 suspected 
microplastic fragments were validated by ATR-FTIR 
(5.3% and 11.6% of total identified in all samples, 
respectively). The samples were then vacuum fil-
tered onto 25 mm silver coated filters (0.45 µm pore 
size). Filters with only fibres were lightly coated 
with a spray-on glue (‘Crafter’s Companion Stick 
and Spray’) before filtration to prevent fibres blow-
ing away when handling the filter and performing 
FTIR (supplementary Fig. 4). No glue was used with 
the fragments because they generally remained in 
place. All particles and fibres found on each of these 
filters were analysed by a micro-ATR-FTIR micro-
scope (Bruker Hyperion 2000, 20 X ATR objec-
tive, resolution = 4.0  cm−1, 64 scans sample−1). The 
spectra acquired were analysed using Open Specy 
(Cowger et  al., 2021) to determine the best library 
match. Default pre-processing settings were used for 
threshold signal–noise, smoothing, intensity adjust-
ment, baseline correction and flatten region (remov-
ing CO2 peaks) options. Wavenumber range selection 
of 0–3500  cm−1 was applied. Identification was per-
formed using the ‘Cor: FTIR Deriv’ option. A spec-
tral hit quality score (Pearson correlation coefficient) 
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of 0.7 was set as the threshold, below which all sam-
ples were considered unknown to avoid bias in spec-
tral interpretation.

2.4 � Quality Control

During sampling a 100% woollen jumper was worn 
(woollen fibres were removed in sample processing 
by chemical digestion with NaClO) or a closed weave 
shirt in warm weather to prevent contamination from 
clothing fibres. All sieves and glass jars used to col-
lect samples were pre-cleaned in the laboratory with 
MilliQ water and sealed (either with a sieve lid or alu-
minium foil) prior to sampling. Sediment sampling 
equipment was rinsed with MilliQ water between 
sampling locations.

Unless otherwise stated, all solutions used in sam-
ple processing were pre-filtered through 0.45  µm 
polycarbonate filters. Laboratory work was under-
taken within a laminar flow cabinet that was vacu-
umed and wiped down with paper towel before use. 
Microscope analysis was done in a room with man-
aged airflow to minimise airborne contamination and 
was regularly cleaned.

2.5 � Positive Controls

To assess the recovery rate of the water sampling 
method, 30 individual pink polyester (PET) fibres were 
peeled from a sewing thread and cut to approximately 
2–5 mm in length. These fibres were stored in a glass 
beaker in water and then poured through a 38 µm sieve, 
following which the standard water sampling method 
was followed. This was performed three times to 
achieve a more reliable average recovery rate.

To assess the recovery rate of the sediment sam-
pling method, a spiked field control sample was col-
lected. Pink polyester fibres were prepared in the 
same way as for the water samples, while microplas-
tic fragments were generated by filing macroplas-
tic items to generate small fragments that were then 
sieved to 250–750  µm for use in recovery experi-
ments. In total, 30 pink polyester fibres, 30 blue 
polyvinyl chloride (PVC) fragments and 30 yellow 
polypropylene (PP) fragments were mixed in with 
10 g of fine bed sediment from the third cell of the 
Northrepps ICW (no particles or fibres resembling 
the spiked ones were identified in this sample). PP 
(~ 0.9  g  cm−3) was used to represent low density 

plastics and PVC (~ 1.48 g  cm−3) was used to repre-
sent high density plastics. After spiking the sediment, 
the standard sediment sampling method was then fol-
lowed. This was performed three times. The size of 
the microplastic fragments found after recovery was 
recorded by measuring the longest dimension of each 
particle using ToupView software.

For the water sampling method, an average recov-
ery rate of 86.7 (SD = 12.0) % of polyester fibres 
was achieved. For the sediment sampling method, 
recovery rates were 61.1 (SD = 10.2) % for polyester 
fibres, 92.2 (SD = 8.4) % for PP fragments, and 81.1 
(SD = 6.5) % for PVC fragments. The average size 
(longest dimension) of all microplastic fragments 
recovered after the sediment sampling procedure was 
399 (SD = 144) µm. The recovery rates are not fully 
representative of the diversity of microplastics and 
anthropogenic fibres found in samples (regarding 
their material type, shape, and size), meaning the data 
are not corrected based on recovery to avoid introduc-
ing an unknown bias, as Simon et al. (2018) recom-
mended. The anthropogenic fibre numbers reported in 
the present study are therefore likely an underestimate 
of actual values due to losses during sample process-
ing and should be regarded as minimum estimates.

2.6 � Negative Controls

A total of 19 procedural blank samples were taken 
over the course of the 12-month water sampling 
campaign (supplementary Table  2). To do so an 
empty sieve was placed beside the sampling location 
to assess airborne fibre contamination while sam-
pling. This sieve was then sealed, transported back 
to the laboratory, processed, and analysed follow-
ing the standard water sampling method. Anthropo-
genic fibres were found in every procedural blank: 
averaging 4.5 (SD = 2.6) fibres sample−1. A total of 
85 fibres were found in the procedural blanks: most 
were clear (68%) or dark (25%). Additionally, 32% of 
fibres found were approximately > 800 µm, 58% were 
800–250 µm, and 10% were 38–250 µm. The limit of 
detection (LOD) was calculated as 12 fibres sample−1, 
and this value was therefore subtracted from each 
sample fibre count (as done by Dawson et al. (2023)).

A total of five procedural blank samples were 
taken for the sediment samples. Fibres were found in 
every blank sample (Supplementary Table  3), with 
an average of 11.2 (SD = 8.6) fibres sample−1. A total 
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of 56 fibres were found in these blank samples: most 
were clear (57%) or dark (29%). Additionally, 30% 
of fibres found were approximately > 800  µm, 52% 
were 800–250  µm, and 18% were 38–250  µm. The 
LOD was calculated as 37 fibres sample−1, and this 
value was therefore subtracted from each sample 
fibre count. Suspected microplastic fragments were 
found in three out of five blank samples, with an 
average of 2 (SD = 2.5) fragments sample−1. A total 
of 10 suspected microplastic fragments were found 
in these blank samples (Supplementary Fig. 5). The 
LOD was calculated as 10 fragments sample−1, and 
this value was subtracted from the sample counts.

2.7 � Data Analysis

The limit of detection (LOD) was calculated for both 
fibres and fragments separately (for sediment samples) 
and subtracted from the total value of each sample.

This correction method was chosen based on the 
findings by Dawson et al. (2023), where LOD methods 
were recommended for microplastic studies.

Fibre retention rates were calculated as:

Areal removal (AR) rates were calculated as:

where Q is the discharge at the inlet (m3 day−1) and 
S is the surface area (m2). Discharge data provided by 
Anglian Water.

Data analysis was performed in Microsoft Excel. A 
Shapiro–Wilk test was used and indicated that the data 
did not meet the normality assumption for paramet-
ric tests. Consequently, a Mann–Whitney U Test was 
used to compare mean fibre concentrations at the inlet 
and outlet of Northrepps ICW. Standard deviation is 
reported in parenthesis after average values.

Error propagation was applied to fibre loading rate (Z) 
calculations using the equation below (Fantner, 2013):

LOD = Meanblank + (3 × standarddeviationblank)

Retention(%) =
(

1 −
Conc.outlet

Conc.inlet

)

× 100

AR
(

itemsm−2day−1
)

=

(

conc.inlet − conc.outlet

S
× Q

)

σZ

Z
=

√

(σx

x

)2

+

(

�y

y

)2

where x is fibre concentration (fibres L−1) and y is 
discharge (L s−1). The propagated error is denoted 
with ‘ ± ’ in parenthesis.

3 � Results

3.1 � Ingoldisthorpe Anthropogenic Fibre Retention

Mean fibre concentrations at the inlet of Ingoldis-
thorpe ICW across the entire sampling period were 
0.01 (SD = 0.02) fibres L−1, thus fibres appeared to 
be passing through the treatment plant and enter-
ing the wetland in low concentrations (Table  1). 
Average discharge from WWTP effluent entering 
the wetland for the period May 2022 to June 2023 
was 11.01 (SD = 7.25) L s−1, equating to an aver-
age loading rate of 0.11 (± 0.23) fibres s−1, or 9504 
(± 19,872) fibres day −1. However, fibres were not 
continuously released in significant numbers from 
the WWTP into the wetland because in seven out 
of 13 of these samples, fibres were not detected 
above the LOD. In no outlet samples were micro-
plastic concentrations detected above the LOD. 
Fibre retention at the Ingoldisthorpe wetland there-
fore appears consistently 100%. However, the low 
fibre concentrations at the inlet show that it was the 
WWTP that was highly effective at retaining fibres, 
meaning the wetland was not overloaded with high 
fibre numbers.

3.2 � Northrepps Anthropogenic Fibre Retention

Fibres were found in concentrations above the LOD 
in all samples from the Northrepps inlet (Table  1), 
with mean fibre concentrations across the entire 
sampling period of 5.48 (SD = 9.70) fibres L−1. 
Fibres were therefore consistently passing through 
the treatment plant and entering the wetland. Aver-
age discharge from WWTP effluent entering the 
wetland over the period May 2022 to June 2023 
was 0.74 (SD = 0.94) L s−1, equating to an average 
loading rate of 4.05 (± 8.84) fibres s−1, or 349,920 
(± 763,776) fibres day−1. Fibres were clear (62%), 
dark (29.9%), red (4.2%), blue (2.4%), and light 
(1.5%) in colour (light includes white and cream), 
while 27.2% were approximately > 800  µm, 56% 
were 800–250  µm, and 16.8% were 38–250  µm at 
the Northrepps inlet.
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The highest fibre concentration was observed on 
13 March 2023 at 39 fibres L−1: a clear outlier in the 
dataset (Table 1). On this date there was a blockage 
at the WWTP that was cleared approximately 30 min 
before sampling; a deliberate attempt was made not 
to sample the initial pulse after the blockage was 
cleared. It was assumed after 30 min the flow in the 
pipe would become normal, and indeed it was when 
sampling commenced. However, after 2 L were sam-
pled, the flow increased to a level significantly higher 
than normal levels observed in the pipe (supplemen-
tary Fig. 6) and the water was also more turbid than 
usual, reflected in the low sample volume (Table 1). 
Excluding this sampling date, mean concentrations at 
the inlet were 2.90 (SD = 1.08) fibres L−1. It is highly 
likely that the fibre concentrations reported for the 
Northrepps inlet are an underestimate because (not 
including losses during sample processing), in two 
inlet samples bundles of fibres were found (supple-
mentary Fig. 7) and the number of fibres making up 
each bundle was not counted.

The mean fibre concentration at the outlet of the 
Northrepps ICW across the entire sampling period 
was 0.01 (SD = 0.02) fibres L−1, lower (Mann Whit-
ney U Test, U = 4, p < 0.01), than the mean inlet 
fibre concentration. The average retention efficiency 
was 99.3% (SD = 1.5%) across the entire sampling 
period. Only in four of the 14 outlet samples were 
fibres detected above the LOD (Table 1), thus fibres 
appear to be released intermittently from the wetland 
at low concentrations. Owing to the high workload 
of sample processing, sample replicates were not 
attempted in each month, thus statistical compari-
sons cannot be made. However, Table 1 indicates no 
clear change in fibre retention by month or season.

3.3 � Suspected Microplastics and Anthropogenic 
Fibres in Northrepps ICW Sediment Samples

A total of 1203 fragments and 4540 anthropogenic 
fibres were found in the 23 sediment samples at the 
Northrepps wetland. In the first cell, average concen-
trations were 8152 (SD = 7022) anthropogenic fibres 
kg−1 and 1938 (SD = 991) suspected microplastic 
fragments kg−1 dry weight sediment. Anthropogenic 
fibre concentration declined with increasing distance 
from the inlet pipe (Fig. 2), although the highest con-
centration of 22,602 fibres kg−1 was 22 m from the 
inlet. The proportion of large, medium, and small 

size fibres did not change significantly with distance 
from the inlet (supplementary Fig. 8). As stated ear-
lier, the size categories may not be completely accu-
rate given the limitations of measuring fibre length 
when part of the fibre is buried under other mate-
rial on filters. Most of the fibres found were clear 
(76%) and dark (17%), while 51% were approxi-
mately > 800  µm, 40% were 800–250  µm, and 9% 
were 38–250  µm. These values are proportionally 
similar to those for the inlet water samples at North-
repps which is expected because the WWTP efflu-
ent is the dominant source of anthropogenic fibres 
to this wetland. However, proportionally more large 
(> 800  µm) fibres were identified in sediment sam-
ples than inlet water samples, possibly because of the 
breakdown of fibrous macroplastics in the wetland 
into longer length fibres.

Microplastic fragment number decreased 
with increasing distance from the outlet in cell 1 
(Fig. 2). The size (longest dimension) of suspected 
microplastic fragments varied little with increas-
ing distance from the inlet (Fig. 3). A fibre bundle 
with a longest dimension of approximately 8  mm 
was found 2 m from the inlet in cell 1. This frag-
ment was omitted from Fig.  3. Most suspected 
microplastic fragments found were < 100  µm or 
100–200  µm (35.7% and 37.4%, respectively) 
(Fig. 4).

Most of the suspected microplastic fragments 
were blue or green (Fig. 4). However, this does not 
reflect the actual colours of microplastics within 
the wetland because clear and white microplastics 
were not identifiable with the method applied here. 
Additionally, only dark fragments that were obvi-
ously suspected microplastic were counted: those 
with sharp edges and a smooth texture. Therefore, 
tyre wear particles dark in colour could have been 
missed, although the catchment for both WWTPs 
was rural with generally low speed traffic so these 
were not likely to occur in high concentration in 
the Northrepps ICW. 26 microplastic fragments 
were spherically shaped resembling microplastic 
beads (all pink or blue colour), probably deposited 
in the wetland before the 2018 ban of microbeads 
in cosmetics in the UK (Department for Environ-
ment, Food & Rural Affairs, 2018), or from leftover 
products containing them. Seven of these spherical 
beads were analysed by ATR-FTIR: all were poly-
ethylene (PE).
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In cells 2 and 3 at Northrepps, fibres and suspected 
microplastic fragments were not detected at numbers 
above the LOD in any of the sediment samples.

Microplastic and anthropogenic fibre accumula-
tion at the Ingoldisthorpe ICW is unlikely to be sig-
nificant because the treatment plant has been shown 
to be highly effective at removing fibres (and so it is 
reasonable to assume it is equally effective at retain-
ing microplastic fragments). Three sediment samples 

were collected from the Ingoldisthorpe ICW: one 
in cell 1 (10 m from the inlet) and two in cell 4 (at 
the beginning and end of the cell). In none of these 
samples were anthropogenic fibres and microplastic 
fragments detected above the LOD. The microplas-
tics and anthropogenic fibres that enter the wetland 
from WWTP effluent probably are all retained in the 
first cell given that the area and vegetation cover are 
similar to the first cell at Northrepps ICW.

Fig. 2   Anthropogenic 
fibre concentration (A) 
and suspected microplastic 
fragments (B) in fine bed 
sediment (FBS) samples 
and distance from the inlet 
in the first cell of the North-
repps ICW
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3.4 � Material Composition of Anthropogenic Fibres 
and Suspected Microplastics

To confirm the chemical composition of fibres 
identified, spectra were acquired for 369 fibres by 
ATR-FTIR. These fibres were sampled randomly 
for chemical identification, although FTIR valida-
tion was not performed on a filter-by-filter basis 
because the sample was pooled. However, the pro-
portion of each fibre colour and size category in the 
FTIR validated samples and the entire sample pool 
is similar (supplementary Fig.  9): in both almost 
60% of fibres were clear, 32% were dark, and over 
50% were in the medium size category of approxi-
mately between 250 and 800 µm. These proportions 
suggest that the samples validated by FTIR are suf-
ficiently representative of the entire sample pool. 
Additionally, the proportion of FTIR validated 
fibres that are cellulosic, plastic, and unknown gen-
erally plateau after ~ 200 samples (supplementary 
Fig. 10). Therefore, the 369 fibres validated appears 
sufficiently high and equates to 14% of the total 
fibres found in all water samples.

Of the 369 fibres validated by FTIR:

•	 54.7% are plastic, of which 90% are PET, 4% 
acrylic, 3% PP, 2% PE, 1% polyamide.

•	 35.5% are cellulosic fibres, of which 89.3% are 
clear or dark and 10.7% artificially dyed.

•	 9.8% of fibres are unknown, of which 3% are uni-
dentifiable and anthropogenic (fibre artificially 
dyed), 30% are unidentifiable and not artificially 
dyed, and 67% are the glue that was sprayed onto 
the filter (to ensure that fibres did not blow away 
during operation of the ATR-FTIR).

As a result of this FTIR validation, approximately 
55% of the fibres reported in water samples are plas-
tic (dominated by PET), approximately 36% are cel-
lulosic and the remainder are ambiguous. No fibres 
were sampled from the sediment samples, although 
it is reasonable to assume that the fibres found are 
proportionally similar in their material composition 
because there are no other sources than the WWTP.

To confirm the chemical composition of sus-
pected microplastic fragments identified, spectra were 
acquired for 140 fragments (38 µm to 2 mm) by ATR-
FTIR. The FTIR validated samples appear sufficiently 
representative because a variety of fragment colours, 
sizes and materials were identified (Fig. 5).

Of the 140 suspected microplastic fragments ana-
lysed by ATR-FTIR: 73% were plastic, 6% non-plas-
tic, and 21% unconfirmed (hit quality score < 0.7). 
Most of the fragments that were confirmed plastic 
were either polystyrene, polyethylene, or polypropyl-
ene (34%, 20%, and 23%, respectively) (Fig. 6). Com-
mon anthropogenic fibres and microplastic fragments 
are shown in supplementary Fig. 11.

Fig. 3   Longest dimension 
of suspected microplastic 
fragments in wetland sedi-
ment against distance from 
the inlet in the first cell of 
the Northrepps ICW

y = -0.7645x + 196.65
R² = 0.0014

0

500

1000

1500

2000

2500

3000

3500

0 10 20 30 40 50 60

Lo
ng

es
t 

d
im

en
si

o
n 

(µ
m

)

Distance from inlet (m)



	 Water Air Soil Pollut         (2024) 235:361 

1 3

  361   Page 12 of 20

Vol:. (1234567890)

3.5 � Plastics > 2 mm in Northrepps ICW

Plastic material was searched for in the 2 mm aper-
ture sieve (in the laboratory after drying) for each 
sediment sampling location in Northrepps ICW. In 
total, 132 suspected plastic pieces were found. Of 

these, 97 were a white material, all visually appear-
ing as though they were from the same source. Ten 
of these white plastic pieces were tested using a 
benchtop ATR-FTIR and revealed to be PE, likely 
from sanitary products: indeed, whole sanitary tow-
els were found in the Northrepps wetland within 4 m 

Fig. 4   Colour and size category (longest dimension) of suspected microplastic fragments identified in sediment samples from the 
Northrepps ICW
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of the inlet (supplementary Fig.  12), thus providing 
evidence that untreated sewage entered this wet-
land. Other plastic material found included clear PP 
films, orange PP fragments, blue and dark fragments, 

and white PET fibrous material probably also from 
sanitary products (such as wet wipes). The approxi-
mate size of plastic found varied from 3 mm to fully 
intact sanitary towels. Most plastic found (103 of 132 

Fig. 5   Colour (A) and size category (longest dimension) (B) of suspected microplastic fragments found in wetland sediment and 
analysed by ATR-FTIR



	 Water Air Soil Pollut         (2024) 235:361 

1 3

  361   Page 14 of 20

Vol:. (1234567890)



Water Air Soil Pollut         (2024) 235:361 	

1 3

Page 15 of 20    361 

Vol.: (0123456789)

pieces) was within 10 m of the inlet pipe along tran-
sect 1 (Fig. 1), indicating that there may have been a 
preferential flow pathway here. The furthest distance 
from the inlet in cell 1 where plastic was found was 
40  m on transect  1: a 14  mm (longest dimension) 
piece of white plastic (resembling the same PE as 
found elsewhere). The prevalence of white plastic 
(73.5% of total) highlights the extent to which micro-
plastic fragment numbers are underestimated in the 
present study because white fragments were excluded 
due to method limitations.

4 � Discussion

4.1 � Retention of Microplastics and Anthropogenic 
Fibres by Vegetation

This study provides evidence in support of the 
hypothesis that dense vegetation in constructed wet-
lands acts as an efficient barrier to anthropogenic fibre 
and microplastic fragment transport (Helcoski et  al., 
2020). Microplastic fragment and anthropogenic fibre 
concentration declined rapidly with increasing dis-
tance from the inlet in Northrepps ICW, and entrap-
ment occurred as soon as 2 m from the inlet pipe (no 
samples were taken closer than this). Anthropogenic 
fibres and microplastic fragments were detected up to 
a maximum of 38 m from the inlet pipe (along tran-
sect 1) in the first cell of Northrepps ICW, and none 
were detected at levels above the LOD in cells 2 and 
3. Emergent linear-leaved vegetation planted in con-
structed wetlands slows water velocities encouraging 
sedimentation of microplastics and anthropogenic 
fibres. For ICWs designed with shallow water depths 
of 20–30 cm, emergent plants and their litter form a 
non-homogeneous ‘filter’ that takes up most of, or all, 
the depth of the water column (also based on obser-
vations at Northrepps ICW), encouraging interception 
of suspended particles. Microplastic fibres and frag-
ments have been shown to stick to biofilms on sub-
merged vegetation (Goss et al., 2018), as well as other 
sediment particles as small as 0.5–2.5  µm (Kadlec, 
2019). Microplastics and fibres may also aggregate 

with flocculent suspended particulate matter in con-
structed wetlands, thus increasing the relative size of 
the particle and the likelihood of entrapment (Leiser 
et al., 2021).

It is not possible to accurately determine the veg-
etated area that the main flow pathway contacts in 
the first cell of Northrepps ICW. However, given 
that most macroplastics were identified along tran-
sect 1, there may be a preferential flow pathway there. 
Additionally, during sampling at the wetland, it was 
observed that flow dead zones existed where there 
was only wet mud. It is unlikely then that the flow 
pathway contacts the full 1600 m2 of the first cell at 
Northrepps, potentially reducing microplastic and 
fibre retention efficiency.

Zhou et  al. (2021) found that fibres were better 
retained by surface flow constructed wetlands than 
microplastic fragments, and that larger microplastics 
and anthropogenic fibres were better retained than 
smaller ones. In the first cell of Northrepps ICW, 
although there was little change in microplastic frag-
ment size (longest dimension) with increasing dis-
tance from the inlet pipe, no fragments > 1000  µm 
were detected beyond 20  m of the inlet, suggesting 
that these size fragments are better retained in dense 
vegetation. Bydalek et al. (2023) found a higher pro-
portion of large fibres > 1000  µm at the Cromhall 
wetland outlet (21%) than at the inlet (8.3%) and 
suggested that this difference could be explained by 
the higher buoyancy of larger fibres causing slower 
sedimentation. In the present study at the Northrepps 
wetland the proportion of fibres > 800  µm were also 
higher at the outlet (35%) than at the inlet (27%). 
However, when subtracting the LOD from the fibre 
counts at the outlet, merely 32% are then counted, 
thus 68% of the datapoints making up the propor-
tional size figures at the outlet are likely from con-
tamination. The data are therefore not robust enough 
to conclude that larger fibres are more prevalent in 
the outlet and that vegetated wetlands preferentially 
retain shorter length fibres.

4.2 � Factors Influencing Anthropogenic Fibre 
Retention

This study shows strong evidence that the North-
repps and Ingoldisthorpe ICW consistently retains 
anthropogenic fibres throughout a 12-month period. 
However, at Ingoldisthorpe the loading rate of 

Fig. 6   A) Material composition of the 140 suspected micro-
plastic fragments found in wetland sediment and analysed by 
ATR-FTIR. B) Types of confirmed plastics in wetland sedi-
ment

◂
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anthropogenic fibres is low (9504 ± 19,872 fibres 
day−1), meaning the areal removal rate is also low at 
0.88 ± 1.84 fibres/m2/day. At Northrepps ICW both 
the loading rate (349,920 ± 763,776 fibres day−1) and 
areal removal rate (119 ± 261 fibres m−2  day−1) are 
higher than at Ingoldisthorpe. The total area covered 
by plants is approximately 2755 m2 at Northrepps 
ICW and 4420 m2 at Ingoldisthorpe ICW (based on 
minimum estimated % plant cover values). Ingoldis-
thorpe ICW may therefore be able to effectively retain 
anthropogenic fibres when loading rates are similar 
to those at Northrepps, if it is assumed that the total 
vegetation cover is the dominant factor influencing 
anthropogenic fibre retention. Additionally, at the 
Cromhall ICW, Bydalek et al. (2023) reported calcu-
lated anthropogenic fibre loading rates of 2,616,754 
fibres day−1 (assuming a reported wetland inflow flow 
rate of 9.15 L s−1 and concentrations of 3.31 fibres 
L−1), with 92.2% of these retained, equating to areal 
removal rates of 310 fibres m−2 day−1 (Bydalek et al., 
2023). The total area of plant cover at Cromhall ICW 
is approximately 3957 m2. Therefore, Ingoldisthorpe 
ICW may potentially retain anthropogenic fibres at 
loading rates similar to those reported at Cromhall 
ICW, assuming the total area of plant coverage is the 
dominant factor controlling retention efficiency.

Other wetland features also inevitably play a role 
in microplastic and anthropogenic fibre retention. 
The residence time is probably of high importance: 
the greater the residence time, the greater the time 
available for microplastic and anthropogenic fibre 
sedimentation. The residence time for Northrepps 
and Ingoldisthorpe ICWs were reported as 3.1 and 
16.8  days, respectively, not accounting for preferen-
tial flow pathways (Cooper et al., 2020).

Zhou et  al. (2021) showed that the removal effi-
ciency of a surface flow constructed wetland was 
32.7% lower on a rainy sampling day compared to a 
dry one. In the present study, no sampling was con-
ducted while it rained, although on several occasions 
it had rained in the morning or day(s) prior to sam-
pling. On average, WWTP effluent discharges during 
the period 08:00 to 12:45 (coinciding with the time 
when sampling was undertaken) for both wetlands 
were calculated on each sampling day (supplemen-
tary Table 3). During this sampling period, the high-
est discharge from the Ingoldisthorpe WWTP was on 
the 22 November 2022, with an average loading rate 
of 26.2 L s−1 and the lowest on 29 November 2022, 

with an average loading rate of 13.7 L s−1. On both 
these days anthropogenic fibres were not detected 
above the LOD in the inlet and outlet samples. At 
Northrepps ICW, the highest WWTP discharge into 
the wetland during the sampling period was recorded 
on the 6 June 2022 (4.7 L s−1), and the lowest on 12 
July 2022 (1.1 L s−1). The loading rates were there-
fore variable over the course of the sampling period 
at both wetlands (supplementary 3), meaning the only 
aspect that may have been missed in the 12-month 
sampling campaign is the effect of rain droplet impact 
on re-suspension. However, rainfall droplets will not 
directly hit the water surface causing sediment (and 
potentially microplastic) re-suspension at the North-
repps wetland because the emergent vegetation per-
centage cover is so high (> 95%) in each cell. At 
Ingoldisthorpe, larger areas of the wetland are unveg-
etated (30–50% cover in cells 2–4), meaning rainfall 
may disturb sediment more, although given the low 
concentrations of anthropogenic fibres entering the 
wetland, few would be expected to be released by this 
mechanism.

Anthropogenic fibres were detected in water sam-
ples from the outlet of the Northrepps ICW, despite 
no fibres being detected above the LOD in sediment 
samples in cell 3 (from which the outlet flows). How-
ever, fibres may be present in fine bed sediment in 
concentrations below the LOD. Bioturbation may 
result in the movement of microplastics and anthropo-
genic fibres into the water column (Xue et al., 2020). 
At the Northrepps ICW, on several occasions large 
mammals (deer) were observed resting in or run-
ning through the second and third cell of the wetland. 
Their activity may be the most likely cause of re-sus-
pension of entrained microplastics and anthropogenic 
fibres at the Northrepps ICW. Additionally, the high 
vegetation percentage cover at the Northrepps ICW 
means waterfowl are unlikely to cause bioturbation.

4.3 � Implications for Wetland Design

In the present study, anthropogenic fibre concentra-
tions were not recorded at the end of each cell. How-
ever, given that anthropogenic fibre and microplastic 
fragment concentrations were not detected above the 
LOD in cells 2 or 3 at Northrepps, most is, there-
fore, likely retained in cell 1. Hence, a single cell 
with an area of 1600 m2 and > 95% emergent plant 
cover appears sufficient to retain microplastics and 
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anthropogenic fibres from WWTP effluent. Bydalek 
et al. (2023) showed that the highest areal removal rate 
at Cromhall ICW was in the first cell at 10,066 fibres 
m−2  day−1 (calculated based on supplementary mate-
rial in Bydalek et  al., 2023). This cell had a surface 
area of 150 m2, a depth of 1.5 m, was unvegetated and 
had a hydraulic retention time of 150 min and a load-
ing rate of 9.5 L s−1. If this is the maximum achievable 
areal removal rate (which may not be the case given 
this cell was unvegetated), then the first cell at North-
repps ICW could be much smaller and still retain 
most microplastics and anthropogenic fibres from the 
WWTP. Having a smaller first cell may be beneficial 
for wetland management, particularly regarding dis-
posal of accumulated micro and macro plastic waste, 
if such a process were required in future site decon-
tamination actions.

4.4 � Implications for Wetland Management

To date, no studies appear to have assessed micro-
plastic concentration in free surface flow con-
structed wetland (FSCW) sediment. The combined 
concentration of anthropogenic fibres and sus-
pected microplastic fragments in cell 1 of North-
repps ICW was 10,090 (SD = 8519) items kg−1 
dry sediment. This figure is comparable to the 
global average microplastic concentration in sew-
age sludge samples of 12,800 (± 5200) items kg−1 
(Rolsky et  al., 2020). Given that the present study 
did not include white and clear microplastic frag-
ments, and especially since a large amount of 
white polyethylene macroplastic was found in cell 
1, the actual concentrations in sediment are prob-
ably much higher than reported here. Additionally, 
Ren et  al. (2020) found that 58% of microplastics 
in sewage sludge were white. The high microplastic 
and anthropogenic fibre concentrations found in the 
Northrepps wetland may have significant impacts 
on longer term management. Above-ground plant 
material can be harvested in constructed wetlands 
for the purpose of enhancing nutrient removal, 
although it is questionable how effective this prac-
tice is (Vymazal et  al., 2010). Above ground plant 
harvesting would presumably have minimal impact 
on microplastic retention in constructed wetlands 
because microplastics will be retained by sub-
merged vegetation and debris only. However, Zheng 
et al. (2015) reported that the density of plants in a 

FSCW increased by 7.4% a year after above surface 
harvesting to 175 shoots m−2, compared to a 16.1% 
decline in plant density without harvesting over the 
same time period. The slightly higher plant density 
may aid in microplastic retention by having more 
area for plastics to attach to and by increasing resi-
dence times for enhanced sedimentation (Helcoski 
et al., 2020).

Dredging is a long-term practice in constructed 
wetland management (Hernández-del Amo et  al., 
2020). Dredging in FSCWs is recommended to a 
depth of 25 cm by mechanical excavation (Zhu et al., 
2022), thus significant microplastic and anthropo-
genic fibre loads will be present within this, present-
ing similar problems as wastewater sludge in terms of 
land application (Liu et  al., 2021), including uptake 
of nano-plastics into crops (Li et al., 2020). Although 
it was not quantified in the present study, the North-
repps ICW contains a large amount of macroplastic 
that will also be removed during dredging.

ICWs are highly effective at retaining microplas-
tics and anthropogenic fibres from sewage effluent, 
although they may be ineffective as a long-term reten-
tion mechanism: the problem of how to manage the 
plastic that has built up in the wetland sediment is sig-
nificant. Incineration of the dredged material destroys 
microplastics (Vuori & Ollikainen, 2022), although 
this technique is prohibitively expensive (Miloje-
vic & Cydzik-Kwiatkowska, 2021). ICWs have been 
reported to be cost effective measures to reduce nutri-
ent pollution from WWTP discharges (Cooper et al., 
2020), but this may be reduced when costs to legally 
dispose deposited plastic waste are accounted for. To 
avoid spreading a significant amount of plastic waste 
to land when wetland sediment is dredged, it may be 
beneficial for future ICW designs to include a small 
first cell that is densely vegetated to retain most of 
the microplastic and anthropogenic fibre loads from 
WWTP effluent. This way, a smaller amount of mate-
rial that is highly concentrated in microplastics could 
be disposed of at controlled landfill, and the dredged 
material from the remaining cells of the ICW that are 
less contaminated with microplastics could be safely 
applied to land as regulated practice dictates. Further 
research should be carried out to determine the opti-
mum depth, vegetation type and hydraulic conditions 
of this recommended first cell to retain microplastic 
fragments and anthropogenic fibres most effectively 
in the smallest possible area.
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5 � Conclusions

The key findings of this research are summarised as 
follows:

1.	 Northrepps ICW consistently retained anthropo-
genic fibres over a 12-month period, with average 
removal efficiencies of 99.3% (with an average of 
349,920 fibres entering the wetland day−1).

2.	 Ingoldisthorpe ICW consistently retained 100% 
of anthropogenic fibres over a 12-month period, 
although the wetland received low and intermit-
tent anthropogenic fibre loads from WWTP efflu-
ent (averaging 9504 fibres day−1).

3.	 There was no evidence of seasonality in anthro-
pogenic fibre removal performance at either wet-
land.

4.	 Microplastic fragments and anthropogenic 
fibres were prevalent in the fine bed sediment of 
Northrepps ICW: averaging 10,090 (SD = 8519) 
items kg−1 dry sediment in the first cell. No 
microplastic fragments or fibres were detected 
in sediment samples in cells 2 and 3 at North-
repps ICW.

5.	 Approximately 54% of anthropogenic fibres 
entering the ICWs were plastic, dominated by 
polyester. Of the suspected microplastic frag-
ments in sediment samples from the Northrepps 
ICW, 73% were confidently identified as plastic 
(mostly polystyrene, polyethylene, or polypropyl-
ene).

6.	 Future ICW design may include a smaller first 
cell to retain most of the sewage effluent derived 
microplastics and anthropogenic fibres to 
improve long-term management prospects.
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