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High environmental microplastic pollution, and its largely unquantified impacts on organisms, are
driving studies to assess their potential entry pathways into freshwaters. Recreational angling, where
many anglers release manufactured baits into freshwater ecosystems, is a widespread activity with
important socio-economic implications in Europe. It also represents a potential microplastic pathway
into freshwaters that has yet to be quantified. Correspondingly, we analysed three different categories
of industrially-produced baits (‘*groundbait’, ‘boilies’ and ‘pellets’) for their microplastic contamination
(particles 700 um to 5 mm). From 160 samples, 28 microplastics were identified in groundbait and
boilies, with a mean concentration of 17.4 (+48.1 SD) MP kg™ and 6.78 (+29.8 SD) mg kg™, yet

no microplastics within this size range were recorded in the pellets. Microplastic concentrations
significantly differed between bait categories and companies, but microplastic characteristics did

not vary. There was no correlation between microplastic contamination and the number of bait
ingredients, but it was positively correlated with C:N ratio, indicating a higher contamination in baits
with higher proportion of plant-based ingredients. We thus reveal that bait microplastics introduced
accidentally during manufacturing and/or those originating from contaminated raw ingredients

might be transferred into freshwaters. However, further studies are needed to quantify the relative
importance of this cryptic source of contamination and how it influences microplastic levels in wild
fish.

Microplastic pollution (plastic particles <5 mm in size) represents a growing and ubiquitous threat to
ecosystems’. In freshwater, microplastics primarily originate from the fragmentation of larger plastic items?,
and their prevalence in lakes*® and rivers®” can be high. Microplastics are consumed by aquatic organisms across
trophic levels and taxa®-1°, representing toxicological threats to individuals and subsequently affecting community
composition and the functioning of freshwater ecosystems'"!?. Microplastic characteristics, such as colour and
shape, can modulate their consumption by aquatic organisms'*~**, with their consumption being either direct
(occurring both intentionally or accidently') or indirect through the consumption of food resources contami-
nated with microplastics'®". Identifying microplastic sources and their pathways into freshwater ecosystems is
therefore important for reducing their potential impacts'®.

Angling is a widespread recreational activity practiced by more than 10% of the global population'® and by
up to 20% of populations in some European countries®. While angling is multifaceted in the way anglers capture
a fish, most techniques release angling baits into the water to attract fish into a restricted spatial area in order
to maximise the chance of fish capture?!. Baits are introduced into freshwater ecosystems by anglers, either by
hands and/or using devices such as a catapult. Anglers use, on average, 7.3 kg of baits per year??, with some spe-
cialised anglers using at least 200 kg of angling bait per year®. Evidence suggests that angling baits can represent
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Figure 1. Examples of microplastics particles (colour, polymer composition and shape) found in angling baits
(category, G =groundbait and B=boilies, and product, 1-6): (a) white polypropylene fragment (B6); (b) black
additive fragment (G1); (c) blue polyethylene fragment (B2); (d) white additive fragment (B2); (e) black additive
fibre (G1); (f) red polyethylene fragment (G2); (g) blue polyethylene fragment (G6) and (h) red polyethylene
fragment (G6).

an important food resource to wild fish, contributing to over half of the diet of fish in some ecosystems, and
nearly 80% for some individuals®*. This dietary contribution by bait tends to increase with fish size?, with larger
specimens often being targeted by anglers more than smaller fish and they can be more vulnerable to capture?.
Angling baits represent important trophic subsidies to freshwater ecosystems that can additionally contribute
to eutrophication through the addition of phosphorous?”%.

Angling baits are usually purchased by anglers from commercial sources and can be categorised as ‘ground-
baits’ (composed of relatively fine particles, often used for attracting smaller fish and mixed with water to obtain
a compact ball), ‘boilies’ (circular, hardened baits of usually up to 24 mm diameter that are designed to select for
larger fish) and ‘pellets’ (usually pelletized fish meal products of 3 to 24 mm diameter). These angling baits differ
in their composition but generally contain various flours (plant- and/or animal-based) mixed with additional
ingredients. Because commercially-available angling baits are primarily produced industrially, there is potential
that they also contain substantial quantities of microplastics, either present in the raw materials or introduced
during manufacture. Microplastics have already been reported in other industrially-produced and packaged
wines?, pet foods® and canned fish for human consumption®-*2. Therefore, angling baits could represent an
unknown pathway of microplastic contamination within freshwater ecosystems that requires quantification,
especially given their ubiquitous use in angling in many European countries®*?.

This study aimed to investigate the presence of microplastics within angling baits as a potential source of
microplastic to freshwater pollution. The objectives were to firstly quantify the number, mass and characteristics
(size, colour and polymeric composition) of microplastics within commercially-available, industrially-produced,
angling baits (several products of three main bait categories: groundbaits, boilies and pellets), and to determine
if contamination levels varied between bait categories and companies. This study also explored whether differ-
ences in microplastic number or characteristics could be related to the number of ingredients, and the origin of
ingredients. The latter was assessed using the carbon to nitrogen (C:N) ratio to determine the relative amount of
animal- versus plant-based ingredients (smaller C:N ratio with high proportion of animal-based ingredients)*>**.
Specifically, we tested the hypothesis that (1) the number of ingredients in angling baits was positively related to
microplastic concentration, as it likely represents an increased diversity of the potential sources of contamina-
tion; and (2) the ingredients of the angling baits are a major determinant of their microplastic concentration,
with animal-based baits containing more microplastic than plant-based baits.

Results

Microplastic contamination levels. Microplastics (700 pum-5 mm) were investigated within 16 commer-
cially available angling baits products (6 groundbaits, 6 boilies and 4 pellets) that were purchased in France, with
each bait replicated 10 times. Across the 160 analysed samples, a total of 86 particles were collected. Infrared
spectroscopy analyses revealed that 39 particles were plastic, of which 28 were within the selected size range of
microplastics, i.e. 700 um to 5 mm (Fig. 1 and Supplementary Figure S1). Therefore, 11 plastic particles were
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Figure 2. Microplastic concentrations in angling baits in (a) number (MP kg™') and (b) mass (mg kg™).

excluded from further analyses, and 20 microplastics were collected in groundbaits and 8 in boilies. Correspond-
ingly, microplastic contamination of pellets within the selected size range was considered as null.

The mean occurrence of microplastics across all angling bait samples was 13.7 +17.01%, with occurrence
varying between bait categories (groundbait: 26.7 +19.7%; boilies: 10.0+10.9%). There was a significant difference
in the occurrence of microplastics between bait categories (Fisher Test, p=0.032) and companies (Fisher Test,
p<0.001). The microplastic concentration level ranged between 0 and 300 MP kg™! (Supplementary Table S1),
where the mean concentration over all samples was 17.4+48.1 MP kg™!. The difference in MP levels between
groundbait and boilies were not significant (groundbait: range 0—300 MP kg™'; mean 33.3+62.8 MP kg™
boilies: range: 0 - 199 MP kg™!, mean 13.2+42.8 MP kg™!, glmm: X?=15,468.2, p<0.001, post-hoc pairwise
comparison, p=0.082, Fig. 2a). A significant difference in MP levels was detected between companies (glmm:
X2=2863.1, p<0.001).

The range in MP concentration by mass across all samples was 0 to 232 mg kg™ (mean 6.78 £29.8 mg kg™).
There were a significantly higher concentration in groundbaits than in boilies (groundbait: range 0 to 232 mg
kg™, mean 14.2 +46.1 mg kg™'; boilies: range 0 to 68.3 mg kg™!, mean 3.91 +13.3 mg kg™}; glmm: X?=29,758.1,
p<0.001, post-hoc pairwise comparison, p <0.001 Fig. 2b). Significant differences were also found between
companies (glmm, X*>=4027.6, p<0.001).

Microplastic characteristics. The microplastics detected in groundbaits and boilies were almost exclu-
sively comprised of fragments, with only one fibre detected (Fig. 1e). Polyethylene was the main polymer found
across these two categories (35.7%), followed by artificial additives (32.1%) (mainly alkyd resins), polyvinylester
(21.5%), polypropylene (7.1%) and polyacrylate (3.6%) (Fig. 3a). Red and white were the main colours detected
(both 28.6%), but with blue (17.9%), yellow (10.7%), black and green (7.1% each) also present (Fig. 3b). The
mean MP size was 2.25+1.26 mm (Fig. 3c). Overall, there was no significant difference between groundbaits
and boilies in microplastic composition and colour (Fisher tests, p>0.05), and microplastic size (Wilcoxon test,
p>0.05).

The bait packaging was composed of two polymers, polyethylene terephthalate and polyethylene (Supple-
mentary Table S2). Polyethylene terephthalate was never detected as a contaminant of angling baits and only
37.5% of packages were polyethylene. Other microplastics present in the baits were also not associated with their
packaging (e.g. polyvinylester (G2 and B2) and artificial additives (B2)). Thus, microplastics found in these baits
were apparently not primarily derived from their packaging.

Relationships of microplastic levels with bait ingredients and C:N ratios. When analysing all
angling products together (n=16), the correlations between the number of ingredients reported on packages
and microplastic concentrations were not significant (Spearman correlations, p=0.15, p=0.572 and p=0.24,
p=0.375 for number and mass concentration, respectively) (Supplementary Figure S2). A significant and
positive correlation was observed between microplastic concentrations and C:N ratio (Spearman correlations,
p=0.62, p=0.018 and p=0.55, p =0.028 for number and mass concentration, respectively) (Fig. 4). This suggests
that microplastic concentration was higher in angling baits with higher C:N ratios.
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Figure 3. Characteristics of microplastics found in boilies (n =8) and groundbaits (n=20): (a) polymer
composition, (b) colour (as displayed) and (c) size (mm).
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Figure 4. Relationship between average microplastic concentration (across all replicates) in (a) number (MP
kg™') and (b) mass (mg kg™), and C:N ratio in angling baits. A lower C:N ratio indicates a higher proportion of
animal-based components.

Discussion

This investigation into microplastic contamination in angling baits revealed microplastic particles (700 pm-5
mm) contaminated two out of three studied bait categories; groundbaits and boilies, with significant differences
between categories and companies. Microplastics were mainly composed of polyethylene and artificial additives
such as alkyd resins and paint additives, and were mainly white, red and blue. There was no correlation between
the number of bait ingredients and their microplastic concentration and the C:N ratio of the baits was positively
correlated with contamination level.
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Given the incidence and number of microplastics per unit of bait mass, they could represent a significant
source of microplastics to freshwater fish when fishing pressure is high. Once in the water, fish may consume the
microplastics derived from angling baits either directly, i.e. microplastic released from bait, or indirectly through
the ingestion of contaminated bait or other biota that have themselves consumed bait. The fact that anglers tend
to target larger individuals®®, whose diets may also depend heavily on angling baits*#?*, suggests that larger fish
might be most exposed to microplastics via this pathway. While several studies have already identified correla-
tions between fish body size and microplastic loads in fish**-*, it is currently unknown whether this might be
related to the consumption of contaminated baits.

Species of the Cyprinidae family are the primary target for the angling baits investigated and microplastics
have previously been detected in common carp (Cyprinus carpio) from several rivers**-*3. Microplastic incidence
and counts within cyprinid fishes have generally been high compared to other fish within the same system, rang-
ing from 2.5 to 48 pieces per individual in the gastrointestinal tract*!~*, with many of these studies implicating the
benthic foraging habits of carp as a likely explanation. Fish feeding largely on baits, particularly large individuals,
could reasonably achieve the levels of microplastic contamination observed in the wild, although it is acknowl-
edged that identifying the sources of specific microplastics is difficult. While the potential effects of ingestion of
contaminated baits have also yet to be determined, microplastic exposure has been shown to adversely affect C.
carpio biochemistry, immunological activity, growth and oxidative pathways within the laboratory**-.

The diverse size range of microplastic particles detected in studies limits comparisons between the micro-
plastic concentrations in the baits and those that are generally found in the biota*’. However, comparisons of
bait microplastics with those detected in wild fish have shown that both are dominated by particles of varying
colours*"*2, Polymeric compositions of microplastics found in baits were also similar to those in wild fish, with
polypropylene and polyethylene common®*!, although other studies have also identified polymers such as
polytetrafluoroethylene and rayon*’, which were absent from our angling baits. Polymers composing identified
microplastics in the angling baits as polyethylene and polypropylene account for nearly 50% of all plastics demand
in Europe (2019)%. As such, it is difficult to draw inferences about microplastic contributions via angling baits
by comparing polymer data alone.

The absence of microplastics in the selected size range (700 um-5 mm) in the pelletized angling baits sug-
gests some key differences in their ingredients and/or manufacturing process compared with groundbait and
boilies. Polyethylene microplastics and additives such as polyolefin and alkyd resins found in the angling baits
are commonly present in machinery paints® that might gradually fragment over time. Various heating, milling
and filtering processes during manufacturing may also alter, and fragment microplastic particles, potentially
producing smaller particles falling outside the minimal threshold used in the present study®"*2. This higher level
of industrial manufacturing might explain the absence of larger particles in the pelletized angling baits. Consid-
ering that particle size is an important factor determining microplastic ingestion and impacts on organisms*>,
further investigations focusing on smaller fragment sizes (<700 um) are needed. That the microplastics identified
in the baits were of a different composition to their packaging further suggests contamination existing within
the raw ingredients and/or introduced during their manufacture, although further work is necessary to identify
the exact stage(s) and source(s) of contamination.

Commercial fishmeal has previously been shown to contain microplastics®"**, with often higher concen-
trations occurring in those with particular ingredients and/or manufacturing processes. Fishmeal was found
to contain mostly fragments 100-1000 um in size that were composed of polypropylene, polyethylene and
polystyrene®"*2, which are largely comparable to those particles found in our angling baits. Hanachi et al. (2019)
additionally found higher microplastic concentrations in salmon and sardine than kilka-derived fishmeal,
whereas, contrary to our first hypothesis, we found a positive correlation between bait C:N ratio and microplastic
contamination, suggesting lower contamination in animal-based baits. Nevertheless, the similarity in micro-
plastic features to those recovered from industrialized food? suggests at least some procedural contamination
from the manufacture process.

The estimates of the extent of cryptic microplastic emissions from angling baits were as high as 0.34 tons
per year for a country, when considering 7.3 kg of groundbaits/angler/year and 3.3 million active anglers, as in
Germany®®, but this does largely depend on the activity of anglers in a country and the amounts of baits they
apply in their angling. Nevertheless, this estimate is comparable to the annual 0.15 tons of microplastics released
through the use of winter de-icing salts applied to roads in some European countries®. At a larger scale, the
microplastic contribution through angling baits can be considered minor compared to the top sources of Euro-
pean riverine microplastics (tyre wear particles, polymer-based textiles and polymers washed in from road dusts)
which may each contribute more than 0.3 kilotons of microplastic a year®. Nevertheless, angling bait-derived
microplastics may make up a large proportion of local microplastic concentrations in particular locations or at
particular times of the year when the baits are heavily used. Also, as expected for natural particles, microplastic
concentration might increase with decreasing particle size*®, and the total contamination by microplastics would
probably be substantially higher, as only particles from 700 um to 5 mm were considered here. Further investiga-
tions are needed to fully understand the potential contribution of this cryptic source of microplastic pollution
compared to the global microplastic pollution in freshwater ecosystems. This contribution will likely be extremely
variable among ecosystems and countries, depending on both the characteristics of the ecosystems (e.g. size, fish
community) and of the fisheries (e.g. amount and type of bait used). We posit that in small lakes with intense fish-
ing pressure targeting coarse fishes angling baits might represent an important source of microplastic pollution
compared to other sources. Since angling baits are already known to contribute to freshwater eutrophication®”2,
the additional release of microplastics from contaminated baits may represent another, co-occurring stressor
to freshwater systems which requires further investigation. The awareness of hidden sources could contribute
to the design of studies investigating consequences and impacts of microplastic to human and animal health.

51,52
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The ubiquitous presence of microplastic particles in the environment means that mitigating this angling
source of contamination might have a negligible impact. Nevertheless, our results are important in highlight-
ing a previously unknown source of microplastic loadings in freshwater fishes and thus have h elped identify a
novel source and pathway. Such cryptic sources of microplastic contamination to freshwater ecosystems reveal
the ubiquity of plastics within products used in daily hu man activities and, more specifically, on the relevance
of angling activity in European countries in increasing the exposure of fish to these plastics. The manufacturing
process of industrialized food, either for human or animal consumption, thus represents a potential source of
microplastic contamination that has yet to be fully quantified and therefore further studies are encouraged in
order to investigate the sources of these cryptic microplastics, and their fates and impacts in the environment.

Methods

Bait selection. We purchased some of the most popular, commercially-available, angling baits used in
Europe, i.e. groundbaits, boilies and pellets, to target freshwater cyprinid fish. Angling baits were purchased in
two angling shops and online from a popular angling website in France. In total, 16 different products were pur-
chased (6 for groundbaits, 6 for boilies and 4 for pellets), produced by 6 different companies, therefore includ-
ing multiple bait categories from some companies. The products differed from each other by their commercial
name or packaging and, in total, 27 commercial bags were purchased (Supplementary Table S1). The elemental
composition (carbon and nitrogen) was quantified and the C:N ratio calculated. A relatively high C:N value
indicates that the bait has a higher proportion of plant-based ingredients, whereas a relatively low C:N ratio
indicates that the bait has a higher proportion of animal-based ingredients®**. About 3 g of each angling bait, in
triplicates, was oven-dried at 60 °C for 72 h before being ground (Retsch MM200) and analysed at the Cornell
Isotope Laboratory (COIL, USA) by isotope ratio mass spectrometry (IRMS, Delta V, Thermo Fisher Scientific).

Microplastic extraction. Each sample consisted of 10 g of angling bait, with 10 replicates analysed for each
angling bait product (Supplementary Table S1), resulting in 160 analysed samples. Depending upon the pack-
aging of angling baits and the number of bags purchased (Supplementary Table S1), samples were collected to
maximise the number of bags used. When several samples were collected in the same bag, they were collected in
different locations within the bag. Samples were first gently ground and homogenized with a mortar and pestle,
and then incubated in glass bottles equipped with aluminium caps for 48 h with hydrogen peroxide (H,O, (w/w)
(30%)) solution (Merck KGaA, Germany) to digest organic matter. Then, samples were filtered through a 500-
pum mesh size polyamide fabric (Nitex, SEFAR, Switzerland) and washed with distilled water and ethanol (70%
solution in water). The retained content in the Nitex was stored in polystyrene petri dishes. For each sample,
two visual inspections of suspected plastic particles (size range: 700 um (diagonal of 500 um mesh) to 5 mm)
were performed by the same operator under a stereomicroscope (Leica MZ 75 and Nikon SMZ 800). Identified
particles were then individually photographed using a binocular magnifier optical (Leica MZ16) equipped with
a digital camera (DP20, Olympus, Japan), with their size (i.e. maximal length) measured using Image] v.1.8.07".
Their colour was defined following previously described literature®®. Particles were categorised as ‘fibres’ (having
at least one very small dimension) or ‘fragments’ (angular and solid or flexible), as adapted from Horton et al.*”.
Each particle was then weighed (AT21 Comparator, d=0.001 mg, MettlerToledo); there were four particles of
mass <0.001 mg that were not included in calculations of mass concentration. The polymer composition of
particles was assessed by attenuated-total-reflectance (ATR) Fourier-transformed infrared spectroscopy (FTIR)
equipped with a diamond crystal (Thermo Nicolet 6700, Thermo Fisher Scientific). The crystal was cleaned with
ethanol prior to the analysis of each particle and a background was collected at each set of four particles. The IR
spectra was obtained with a resolution of 4 cm™ and through the application of 32 scans over the wave-number
range of 400 to 4000 cm ™. The ATR correction was applied to the spectra, which was then compared to avail-
able commercial libraries (OMNIC Software, Thermo Fisher Scientific). A correlation factor of 0.6 was used as
threshold to assign composition to the particle. When below this threshold, particles were considered as uniden-
tified and removed from subsequent analyses. Identified particles were classified as microplastic with polymer
category (or its artificial additive) following the Polymer Properties Database® when possible, or as non-plastic
(Supplementary Figure S1). The following polymer categories were considered: polyethylene, artificial addi-
tives (mainly olefin based or alkyd resin, such as lubrifiants and oils***%?), polyvinylester, polypropylene and
polyacrylate. The size range was selected to optimise recovery during the stereomicroscope analyses and an
unequivocal identification of particle composition®*,

Quality control and contamination assessment. All procedures were performed under a fume-hood
and metal- and/or glass-ware were used wherever possible. Nitrile gloves and cotton lab coats were always worn.
The solvents, distilled water, ethanol and H,0, solution were previously filtered through a polyethersufone
membrane of 8 um mesh size (Sterlitech, EUA) to avoid external contamination. The original packaging of each
angling bait was sampled and submitted to the same ATR-FTIR analysis to determine its polymer composition.
A total of 10 replicates of silica powder (50 um, Interchim), with around 10 g each, were used as blanks and sub-
mitted to the same entire process in the same sample batch. The microscopic inspection indicated the absence
of suspicious particles in the size range of this study and contamination was therefore considered negligible.

Statistical analyses. Microplastic occurrence in angling baits was calculated as the proportion between
products containing microplastic and the total products available per category. Microplastic concentration in
angling baits was calculated as the number of microplastics per unit of ground bait dry mass (number concen-
tration in MP kg™) and as the mass of microplastics per unit of ground bait dry mass (mass concentration in
mg kg™!). Fisher exact tests were first used to compare the occurrence of microplastics between angling bait
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categories and between companies. Generalized linear mixed-effects models (glmm) were used to test the dif-
ference in microplastic concentration (number and mass) between the categories of angling baits and between
the companies (fixed effects) using angling bait product as a random factor and gamma distribution as family.
Fisher exact tests were then used to compare the polymer composition and colour distribution of microplastics
between angling bait categories. Spearman correlations tested the relationship between the microplastic concen-
tration (number and mass) in angling baits (averaged value across replicates), number of reported ingredients
and C:N ratio (mean value across replicates) across all products (n=16). All statistical analyses were performed
using R v.4.0.2%* and generalized linear mixed effects models were performed using the package Ime4®. Signifi-
cant levels of generalized mixed effects models were obtained using the ‘Anova’ function in the car package®.
Error reported around mean values are standard deviation.
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