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ABSTRACT

Fragments of microplastics (<5 mm) found in commercial species of fish, crustaceans, and bivalves, are an issue of
global concern. The bioaccumulation of microplastics and other anthropogenic particles in different levels of the
food web may provoke unwanted impacts on marine ecosystems and cause pernicious effects on human health.
Here, we study the presence of anthropogenic particles and the fraction of microplastics in the target organs of two rep-
resentative commercial fish species in Spain; the European anchovy (Engraulis encrasicolus) and the European pilchard
(Sardina pilchardus). The individuals were sampled along the continental shelf of the Gulf of Cadiz, from the Bay of
Cadiz to Cape Santa Maria. The isolation of the microplastics (MPs) was carried out with a complete alkaline-
oxidant organic digestion (KOH-H,0-) of the digestive tract, including both the contents ingested and the muscle tis-
sues. Anthropogenic particles were found in all individuals of both species with an average of 8.94 + 5.11 itemsind .
Fibres made up 93 % of the items while fragments and films were represented by the remaining 7 %. The average size of
the anthropogenic particles was 0.89 + 0.82 mm. In addition to the fragment and film particles identified as
microplastics, 29 % of the fibres were estimated to be microplastics by Fourier-transform infrared spectroscopy (FTIR)
analysis. The main polymer found in both species was nylon. No significant correlation was found between the abundance
and size of anthropogenic particles ingested and individual size or other body variables. The analysis of similarities
(ANOSIM) and the distanced-based multiple linear regression model showed a high homogeneity in anthropogenic par-
ticle contamination in both species throughout the study area along the continental shelf of the Gulf of Cadiz.
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1. Introduction

The ubiquity of MPs in the marine environment, from the poles to the
tropics and from the surface to the deep sediments of the oceans, has
been demonstrated worldwide (Costa and Barletta, 2015; Cézar et al.,
2014; Esposito et al., 2022; Jamieson et al., 2019; Peeken et al., 2018;
Thompson et al., 2004; Woodall et al., 2014). Due to the high physical over-
lap of MPs and biota, they can be found at different levels of the food chain
and in different functional groups (JPI Oceans, 2020). Filter feeders,
detritivores, and predators, as well as herbivores, omnivores, and carni-
vores, have all contained some form of MPs (Alomar and Deudero, 2017;
Bellas et al., 2016; Jin-Feng et al., 2018; Piarulli et al., 2019; Savoca
et al., 2020). The incorporation of MPs into the food chain has been demon-
strated both by direct ingestion, in organisms that mistake these particles
for their food, and by indirect ingestion, in organisms whose food source
is contaminated with these particles (Alomar and Deudero, 2017; Boerger
et al., 2010). Furthermore, MPs have been found in organs such as liver,
muscle tissue, and in the circulatory system of some organisms, thus con-
firming the possibility of translocation of these particles (Collard et al.,
2017; Sendra et al., 2020; Sendra et al., 2021).

Fibres from the textile and fishing industry are considered a subgroup of
MPs, due to their polymeric origin (Cesa et al., 2017; Gago et al., 2018).
These fibres are the most common type of microparticle found in the
aquatic environment, whether in water samples, sediments, or biota
(Gago et al., 2018). One of the largest sources of fibres is wastewater treat-
ment plants (WWTPs). The retention mechanisms of WWTPs are not suffi-
cient for these small particles originating from the washing of garments
(Dris et al., 2016; Franco et al., 2020, 2021). Despite the large production
of synthetic fibres (two thirds of the world's fibre production) compared
with natural fibres, a study carried out by Suaria et al. (2020) showed
that only 8.2 % of the fibres found in the world's oceans (median; 1.7
fibres1~1) were synthetic, with cellulosic fibres (natural or regenerated)
being the most common ones. However, both natural and synthetic fibres,
and MPs in general, are marine litter available for incorporation into the
food chain (Wang et al., 2020).

The increase in the number of studies published on microplastic pollu-
tion reflects the environmental concern and the social scope of the problem
worldwide. In particular, the number of articles published on the interac-
tion between MPs and marine biota has grown exponentially, representing
47 % of all articles on MPs (Ajith et al., 2020). Once trophic transfer was
demonstrated, the concern has become even greater when it comes to the
ingestion of MPs by commercial species for human consumption (Clark
etal., 2016; Cole et al., 2014; Savoca et al., 2020). Currently, the quantities
of MPs that aquatic organisms may contain remain unknown, especially in
many species of high commercial interest for human consumption. For this
reason, the engraulids and clupeids of the order Clupeiformes, whose cap-
ture exceeded 19 million tons in 2018 (FAO, 2020), are being studied
worldwide (Bermiidez-Guzman et al., 2020; Ory et al., 2018; Tanaka and
Takada, 2016). So far, in the Gulf of Cadiz, the commercial species Engraulis
encrasicolus and Sardina pilchardus have not been assessed, with the excep-
tion of the Portuguese waters of the Gulf of Cadiz (Lopes et al., 2020). In the
Spanish waters of the Gulf, the quota for anchovy and sardine captures in
2021/22 was set to >12,000 tons for human consumption. Due to the
high importance of these species, a comprehensive assessment of the levels
of MP contamination and other small-sized marine debris in these commer-
cial species is necessary to understand the level of exposure to which
humans may be subjected.

Despite the variety of methods available for the assessment of anthropo-
genic particles (APs) ingested by marine organisms (Lusher et al., 2020),
the most common methodologies consider two different approaches: firstly,
chemical digestion of the sample (Cole et al., 2014; Li et al., 2015; Lusher
et al., 2020; Thiele et al., 2019; Van Cauwenberghe and Janssen, 2014),
and secondly, optical, and direct inspection for AP identification
(e.g., Pennino et al., 2020). In this regard, studies that applied the first ap-
proach, sample digestion procedures (e.g., with potassium hydroxide
(KOH) and hydrogen peroxide (H»05)) to isolate APs were performed
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only on the internal content of the stomach or digestive tract (DT)
(Bermtdez-Guzman et al., 2020; Cole et al., 2014; Dehaut et al., 2016).
There are only a few studies that have analysed the entire DT (from the
oesophagus to the anus) and accessory organs, such as the liver, where all
organic tissues are included in the chemical digestion (Collard et al.,
2017; Mcllwraith et al., 2021). The latter may increase the detection of
APs retained in the organic tissues.

The main aim of this study was the assessment of APs and MPs in the en-
tire DT of two of the most important commercial species in the Gulf of
Cédiz, the European anchovy (Engraulis encrasicolus) and the European pil-
chard (Sardina pilchardus); as well as to characterize the spatial variation of
the presence of APs and MPs in these species, in search of accumulation
zones, through the possible influence of large rivers and the most densely
populated areas in the Gulf of Cadiz. Therefore, considering the current
knowledge of this type of contamination in marine biota, the hypothesis
of this study was that in the areas closest to the most populated cities in
the Gulf of Cadiz and the rivers with the highest flows, the European
anchovy and the European pilchard would present a highest number of
APs and, consequently, MPs. Similarly, the inclusion of the total digestive
tract and accessory organs in the analysis would result in higher numbers
of APs found in these species compared to other studies carried out in the
Iberian Peninsula.

2. Material and methods
2.1. Study area and sample collection

The anchovies and sardines used in this study were sampled during the
oceanographic campaign ECOCADIZ-2020-07 lead by the Spanish Institute
of Oceanography (IEO). Sampling was carried out in ICES Sub-division 9.a
South, in both Spanish and Portuguese waters of the Gulf of Cadiz (Fig. 1).
Individuals of both species were sampled along nine radials (4, 5, 6, 8, 14,
15, 20, 21 and 24) between Cadiz (Spain) and Cape Santa Maria (Portugal).
These sampling points were divided longitudinally into three areas of the
shelf: Western, Central and Eastern; and four sub-areas: Portugal, Huelva,
Guadalquivir, and Céadiz (Fig. 1 and Supplementary Table S1).

Samples were collected at depths of between 50 and 100 m, using a
63.5/51 type pelagic trawl gear of ~15 m theoretical mean vertical open-
ing, armed with a pair of 3.5 m? and 750 kg pelagic trawl doors and mon-
itored with a SIMRAD® Mesotech FS 20 trawl sonar and a MARPORT®
NBTE (Narrow Band Trawl Eye) sensor to verify the correct operation and
geometry of the gear. All operations were carried out between the 3rd
and 10th of August 2020 (Supplementary Table S1). The fish were kept
frozen on board at — 20 °C until analysis in the laboratory.

2.2. Sample processing and recovery of anthropogenic particles

The fish were thawed at room temperature in the laboratory for the
collection of biometric characteristics (size and weight of individuals, and
stomach and gonad weight). A total of 176 individuals were analysed, 89
Engraulis encrasicolus and 87 Sardina pilchardus from the 9 radials sampled
along the Gulf of Cadiz (9-10 individuals per radial) (Fig. 1).

For the recovery of APs, the entire DT (from the oesophagus to the anus)
and accessory organs (such as the liver) were removed. Each DT was stored
separately in glass flasks. Extraction of APs was performed according to the
standardised protocol for monitoring MPs in seawater and biota with some
modifications (Bessa et al., 2019). Briefly, degradation of the DT followed
an alkaline-oxidizing organic digestion with potassium hydroxide (KOH)
and hydrogen peroxide (H50,). A potassium hydroxide solution (KOH
10 % w/w) was added to each of the flasks containing the DTs (volume
3 times that of the DT). These flasks were incubated in an oven for at
least 20 days at 40 °C before oxidation with hydrogen peroxide (H205).
When the organic matter had been sufficiently consumed, the oxidative
digestion was carried out. Additions of H>O, (at 30 %) were carried out
gradually to avoid sample loss due to foaming. The two steps until complete
degradation of both gastrointestinal contents and muscle tissues (no visible
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Fig. 1. Map of the study area, the Gulf of Cadiz. The radials of the ECOCADIZ 2020-07 campaign are represented in the different areas and sub-areas. Eastern: Cadiz (yellow)
and Guadalquivir (light grey), Central: Huelva (green) and Western: Portugal (red). White arrows show the sampling area.

organic matter remained) were completed in approximately 40 days. The
resulting solution was filtered with the aid of a vacuum pump through a
glass fibre filter of 90 mm diameter and 1.2 pm pore size and stored in a
completely closed petri glass for at least 24 h in an oven at 40 °C until fur-
ther analysis.

2.3. Quality control

The samples were analysed in 4 batches (44 individuals per batch). Ex-
ternal contamination was controlled in each batch. Three types of controls
were carried out during the laboratory analysis: (a) controls for 24-h and
48-h to assess the contamination in the working area (not used to correct
results); (b) blank sample controls for the entire analysis procedure and
(c) airborne contamination controls during the inspection of filtered
samples under the stereo microscope. The 24-h (n = 1) and 48-h (n =
1) controls were carried out randomly and consisted of wet glass fibre filters
exposed completely to air to assess the concentration of fibres in the work-
ing area before the start of the experiment. After each exposure, the filters
were analysed under the stereo microscope. Control filters exposed for
24-h (n = 1) and 48-h (n = 1) in the working area showed a contamination
of 3 and 4 fibres per filter, respectively. For the procedural blank sample
controls, in each batch of samples, empty glass flasks (n = 4) followed
the same process as the samples (additions of KOH and H,O, over
40 days). The procedural blanks showed an average fibre contamination
of 5.25 + 0.96 fibre-blank ! (mean + SD). This type of contamination
could be due to external causes (e.g., environmental contamination by tex-
tile fibres in the laboratory) and/or cross-contamination between samples.
Nevertheless, the fibre concentration in the controls was significantly lower
than in the samples (H' = 13.592, p < 0.01). No other type of AP contam-
ination was found. Fibre count data in the DT of anchovies and sardines
were corrected by subtracting the mean value found in the analysis of
blanks (5 fibres per blank). Finally, the airborne contamination controls
(one per sample) showed no signs of contamination during the visual in-
spection of the samples.

2.4. Visual identification and polymer verification

The filters were examined with a digital stereo microscope (Andonstar
AD409). The APs found were photographed and characteristics such as
length, colour, type, and sequence number were recorded per item in
each filter. The types of APs were classified into two categories: “fibres”
and “other”. The first group consisted of any type of fibre, whether syn-
thetic, semi-synthetic, or natural. The second group consisted of any parti-
cles other than fibres (pellets, fragments, films, foams, and rubbers.). The
images were processed with the ImageJ Fiji software (Schindelin et al.,
2012). Fibres were measured at their longest section and the “other” parti-
cles from the Feret diameter at their maximum projection.

The visual identification of APs and their synthetic origin was carried
out based on lack of cellular structures, coloured materials and resistance
to shocks and stresses following methodologies described in Lusher et al.
(2017, 2020). Particles belonging to the “other” classification that raised
doubts about their synthetic origin were subjected to the “hot needle” test
(Filgueiras et al., 2020). Furthermore, 7.5 % (110 fibres) of the total fibres
(equal number per radial and species) were randomly selected and sub-
jected to structural characterization by Fourier-Transform Infrared Spec-
trometry (FTIR). A Bruker spectrophotometer, model D8 Advance, was
used to obtain the FTIR Spectra. Both the control of the apparatus and the
data processing were carried out using the OPUS software. The spectra
were recorded in transmittance mode, in the range of 4000 to 400 cm™?,
accumulating 100 scans to improve the signal/noise ratio. For the analysis
of polymers, the spectra were compared with those of a commercial library,
and one created artificially by the authors of this study degrading certain
polymers to increase the probability of matching spectra.

2.5. Data analysis
Differences in the abundance and size distribution of APs were explored

according to the following factors: area, sub-area, radial, species, and possi-
ble influences of quantitative biological (size of individuals, stomach
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weight, body condition, and gonadosomatic index) and environmental
variables (distances from the sampling points to the mouths of the
Guadalquivir and Guadiana rivers and from the urban populations of
Huelva and Cadiz).

River discharges and urban cities are an important source of APs
(Siegfried et al., 2017). Therefore, the distance between the sampling
area and relevant river mouths in the study area was estimated (Supple-
mentary Table S2). The rivers with the major discharges are the Guadiana
and Guadalquivir rivers (Gonzalez-Ortegén et al., 2019). This distance
may be an indicator of the influence of these rivers on the ingestion of
APs in the Gulf of Cadiz, such as MPs, in the species studied (Gonzalez-
Ortegén et al., 2022). Similarly, the distance from the sampling area to
the water bodies where the largest populations in the Gulf of Cadiz are
accumulated was calculated (Supplementary Table S2), i.e., Huelva,
which was measured up to the mouth of the Tinto-Odiel rivers and Cadiz.
Among the biological variables, the gonadosomatic index (GSI) and relative
condition index (Kn) were calculated using the organisms sampled, follow-
ing the methodology of Pennino et al. (2020), to verify whether the gonadal
development and body condition of the individuals were related to the in-
take of APs.

Multivariate analyses were performed with the nmMDS (non-metric
Multi-Dimensional Scaling), DISTLM (multivariate Distance-based Linear
Model), dbRDA (Redundancy Analysis) and ANOSIM (Analysis of Similar-
ity) software packages of the PRIMER (Plymouth Routines In Multivariate
Ecological Research; Plymouth Marine Laboratory, UK; Clarke and
Warwick, 1994, 2001) and PERMANOVA v.7 (Permutational Multivariate
Analysis of Variance) statistical packages. The size of individuals was not
included as a covariate in the different statistical analyses since its influence
was not significant according to the analysis of covariance (ANCOVA). The
dbRDA ordination of the values fitted to a distance-based multivariate
DISTLM regression model, considering 9999 permutations, allowed us to
quantitatively partition the variability of all continuous environmental var-
iables (distance to the mouth of the main rivers of the Gulf of Cadiz, i.e., the
Guadiana and Guadalquivir rivers, and to the main urban populations,
i.e., Cadiz and Huelva), and biological traits (size of individuals, stomach
weight, body condition, and gonadosomatic index).

3. Results
3.1. Anthropogenic particles in small commercial pelagic species

A total of 1574 APs (1472 fibres and 102 “other” particles) were identi-
fied in the DT of the individuals analysed (Table 1). The average number of
APs in anchovy and sardine was 8.94 + 5.11 APsiind ~ 1 (Table 2). In ancho-
vies, a total of 824 APs were found with a mean (+SD) of 9.26 *
5.90 APsiind ! (Table 2). Fibres ranged from O to 34 with a mean (+SD)
of 8.64 + 5.83 per individual and the “other” particles ranged from O to
5 with a mean (+SD) of 0.62 *= 1.03, and an incidence of 98.9 % and
36.0 %, respectively (Table 1). In sardines, 750 APs were isolated from
their DT, showing an average (+SD) of 8.62 + 4.16 APs per individual
(Tables 1 and 2). Fibres ranged from O to 18 with a mean (#SD) of
8.08 *+ 4.20 APs per individual and the number of “other” particles ranged
from O to 2 items with an average of 0.54 = 0.66 items per individual, and
an incidence of 98.9 % and 44.9 %, respectively (Table 1).

No differences were found between the anchovies and sardines in terms
of size and abundance of APs (both in fibre and the “other” particles) (Sup-
plementary Table S3). With regard to the abundance and size of APs within
each species, none of the biological variables (length, total weight, stomach

Table 1
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weight, body condition and GSI) included in the analyses were significant
either in anchovies or sardines (Supplementary Table S4).

3.2. Spatial variability of APs in the DT of anchovies and sardines in the Gulf
of Cddiz

The abundance and size of APs (fibres and other particles) in anchovies
and sardines under the influence of the main rivers (Guadalquivir and
Guadiana) and populations (Huelva and Cadiz) of the Gulf of Cadiz did
not show clear differences (Supplementary Table S4). Although some p
values were significant, the proportion of those variables was too low
(<1.5 %) to explain the variance.

With regard to the different areas, a slight trend in particle size was
observed in sardines, with larger particles in the western than in the eastern
areas (p < 0.05; Supplementary Table S3 and Fig. 2). With regard to the dif-
ferent sub-areas, a higher abundance (p < 0.05; Supplementary Table S3) of
APs categorized as “other” particles was observed in the Guadalquivir and
Cadiz (0.79 + 0.63 and 0.70 = 0.80 APsind ~?, respectively) than in the
Portugal and Huelva sub-areas (0.34 = 0.61 and 0.42 + 0.51 APsind 1,
respectively).

3.3. Types, size, and colour of anthropogenic particles

Fibre was the dominant type of AP. It represented 93.3 % of the total
particles found in anchovies and 93.7 % in sardines. The remaining 6.7 %
were fragments (53 items) and film-like particles (2 items) in anchovies,
and 6.3 % were fragments (43 items) and film-like particles (4 items) in
sardines.

In terms of size, both species showed a similar size distribution of APs
with an average size (= SD) of 0.88 + 0.81 mm in anchovies and
0.92 + 0.83 mm in sardines (Fig. 3). The APs in both species ranged
from 0.03 mm to an upper limit of 5 mm with an average (*SD) of
0.89 + 0.82 mm, with 50 % of the total particles below 0.64 mm. The av-
erage size (+SD) of fragments (0.12 + 0.33 mm) was smaller than fibres
(0.92 = 0.82 mm) and film-like particles (1.83 + 0.82 mm) (Fig. 4).

The colour frequency followed the same distribution in both species but
was different in each type of AP (Fig. 5). The most dominant colour of the
fibres found in the DT of both species was black (38.0 %), followed by
blue (30.1 %), transparent (16.9 %) and red, green, and white (<15 %).
For fragments and film particles, the dominant colours were blue
(32.4 %), green (31.4 %), red (16.7 %), and black (10.8 %).

Structural characterization by FTIR (Supplementary Fig. S1) revealed
that 32 out of the 110 fibres analysed (29.1 %) were verified as synthetic
polymers; for the rest of the analysed fibres, the chemical composition
remained unknown (no matching spectra available). All fragments and
particles (n = 102) were verified as microplastics by visual characteristics
and hot-needle testing. The synthetic polymers found in the fibres analysed
by FTIR were largely dominated by nylon (27 items, 84.4 %), followed by
Low- and High-Density Polyethylene (4 items, 12.5 %) and Polypropylene
(1 item, 3.1 %). Since the type of fibres found in the samples was consistent
throughout the individuals examined, the percentage verified as synthetic
by FTIR (29.1 %) could be representative of the total number of
microplastic fibres. Extrapolating this percentage to the total number
of 1472 fibres, and adding the 102 “other” MPs particles, the presence of
synthetic polymers was estimated at 34.4 % of the APs identified in
the study.

Summary of the total anthropogenic particles (APs) isolated, average ( + SD), type of APs (Fibres and “Others”) by individual, and the incidence measured as a percentage of

individuals with presence of fibres and “other” type of APs per species.

Other APs per individual

Individuals with fibres (%) Individuals with other APs (%)

Species n Total APs Average APs (+SD) Fibres per individual
E. encrasicolus 89 824 9.26 + 5.90 8.64 £ 5.83
S. pilchardus 87 750 8.62 + 4.16 8.08 + 4.20

0.62 = 1.03 98.9 36.0
0.54 £ 0.66 98.9 44.9
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Table 2
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Species, average total length (+SD), and average weight (+SD) of individuals captured in each radial. Mean (= SD) number of anthropogenic particles (APs) isolated per

individual and total number of APs per radial.

Radial n Total length (cm) Weight (g) GSI Kn Mean APs
Engraulis encrasicolus 4 10 12.24 = 0.76 11.71 + 2,57 5.56 + 1.40 1.04 + 0.07 7.20 * 5.07
5 10 11.76 = 0.79 10.03 + 2.31 3.43 + 0.63 1.02 + 0.05 9.60 + 5.42
6 10 9.85 + 0.94 5.63 + 2.01 4.38 £ 1.57 1.03 = 0.06 8.50 + 3.95
8 10 10.28 = 1.18 6.65 = 2.62 3.09 = 1.23 1.04 = 0.06 7.80 £ 5.90
14 10 12.20 = 0.47 10.67 = 1.70 3.09 + 1.37 0.97 + 0.05 7.80 + 3.94
15 10 11.80 = 0.62 9.60 + 1.62 3.11 +£1.33 0.97 £ 0.05 13.40 = 7.09
20 10 12.56 + 1.15 12.86 + 4.65 3.72 = 1.00 1.02 = 0.06 10.70 += 5.03
21 10 13.32 = 1.42 16.19 + 6.11 3.47 + 1.06 1.04 = 0.07 11.00 + 9.57
24 9 15.01 = 0.75 23.30 + 5.17 4.23 £ 1.20 1.03 = 0.10 7.11 £ 3.72
Total 89 12.08 = 1.69 11.72 = 5.97 3.78 £ 1.41 1.02 = 0.07 9.26 + 5.90
Sardina pilchardus 4 10 13.16 + 0.87 18.92 + 3.74 0.79 £ 0.29 1.01 = 0.06 7.10 £ 3.35
5 10 11.64 = 0.53 13.24 + 2.05 0.04 + 0.10 1.05 + 0.07 9.10 + 3.47
6 9 11.21 = 0.78 10.53 + 2.06 0.33 £ 0.66 0.94 + 0.08 9.33 £5.22
8 10 11.95 = 1.10 13.84 + 4.00 0.03 = 0.07 1.00 = 0.07 7.50 = 3.84
14 10 13.91 = 0.59 22.34 + 3.17 0.25 + 0.12 1.01 + 0.02 10.30 + 4.85
15 9 14.66 = 0.99 25.40 + 7.72 1.12 + 0.61 0.95 + 0.17 7.56 + 3.88
20 9 14.37 = 1.04 25.09 * 6.36 0.20 = 0.14 1.01 £ 0.04 9.22 + 3.63
21 10 14.43 = 1.50 25.83 + 9.55 0.17 + 0.23 1.00 + 0.04 8.70 + 3.80
24 10 17.01 = 0.57 43.10 + 4.61 0.31 £ 0.20 1.03 + 0.08 8.80 + 5.45
Total 87 13.60 = 1.95 22.09 = 10.65 0.35 £ 0.46 1.00 = 0.08 8.62 + 4.16

4. Discussion
4.1. Analysis of anthropogenic particles in commercial fish species

One of the main objectives of this study was to evaluate the presence of
APs in the DT of the European anchovy (Engraulis encrasicolus) and
European pilchard (Sardina pilchardus), resulting from ingestion. The com-
plete degradation of the contents and muscle tissues of the DT allowed us to
observe the presence of APs in all the anchovy and sardine individuals
analysed, with an average of 9.26 and 8.62 items per individual, respec-
tively. Our study, compared to another study focused on Portuguese waters
(Lopes et al., 2020), showed a higher percentage of AP incidence. Lopes
et al. (2020) found an incidence of 79 % in anchovies and 58 % in sardines,
where the average number was 1 item-individual ~*. Whereas, in this study
we found an incidence of 100 % in both species in the Gulf of Cadiz, both in
the Portuguese and Spanish area. In Lopes et al. (2020), individual-level
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Fig. 2. Size of anthropogenic particles extracted from Sardina pilchardus (dark grey)
and Engraulis encrasicolus (light grey) individuals analysed in each of the areas of the
Gulf of Cédiz.

information could be missing, since the authors mixed up to 10 stomachs
per sample. Along the western Cantabrian Sea, Filgueiras et al. (2020) re-
ported the presence of MPs in 87 % of the anchovy and sardine individuals
evaluated with an average of 1.92 and 2.53 MPs<individual ~?, respectively.
Another study, in the north-eastern Mediterranean Sea, anchovy individ-
uals showed a mean of 60 % in the occurrence frequency of MPs and
1.45 APsindividual™!, and sardines showed a mean of 58 % and
1.26 APsindividual ~! (Pennino et al., 2020). Nevertheless, Pennino et al.
(2020) identified the APs by direct observation and therefore small
fragments and microfibres could be underestimated. Studies in other re-
gions of the world have shown a large variability in the incidence and
abundance of APs in fish. For example, lower frequencies (2.1 %) and abun-
dances (<1 element) were found for planktivorous species in the Southeast
Pacific (Ory et al., 2018). However, in this case, fibres were not considered
in order to avoid biased results from contaminated samples. If we had re-
stricted our results to the number of films and fragments, similar quantities
would have been obtained (<1 itemrindividual ~*). Also, in planktivorous
species of the Central Gyre of the North Pacific Ocean, relatively low
frequency of incidence (36 % of individuals) was found, although with rel-
atively high abundances, up to 7.2 MPsindividual ~* (Boerger et al., 2010).
In addition, on the northern Jakarta coast, frequencies of 100 % and very
high abundances (> 16 APs per individual) were found in clupeiformes
(Hastuti et al., 2019). Nonetheless, this latter study did not consider possi-
ble contamination of the samples over experimental procedures.

These differences in the abundances and frequencies of APs in the liter-
ature reviewed and the individuals analysed from the Gulf of Cadiz may be
caused by several factors. Firstly, there are methodological differences in
the extraction of the APs. Thus, protocols that include organic digestion
of the DT contents (e.g., Bermtdez-Guzman et al., 2020; Filgueiras et al.,
2020) often achieve higher rates of AP extraction than those that use direct
inspection techniques (e.g., Ory et al., 2018; Pennino et al., 2020). Another
major methodological difference is to report all APs, even if they are not
verified MPs. In this sense, restricting the study data to the percentage of
items verified as synthetic polymers (34.4 %) results in an average of
3.26 and 2.89 MPs-individual ~ ! in the anchovies and sardines analysed
in the Gulf of Cadiz, respectively. Secondly, there may actually be a differ-
ence in AP contamination in the waters where the organisms were studied.
Therefore, the sources of contamination of the APs in the different study
areas need to be reviewed. In the case of the Gulf of Cadiz, studies carried
out in urban wastewater treatment plants (WWTPs) in the province of
Cédiz have estimated that an average of 1.510° APs per WWTP are being
discharged daily into the Gulf of Cadiz, despite the estimated removal ratios
of up to 90 % (Franco et al., 2020, 2021). Moreover, rivers are known to be
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Fig. 3. Size frequency distribution (length in fibres and Feret diameter in fragments) of the total anthropogenic particles (n = 1574) found in the sampled anchovy (light grey)
and sardine (dark grey) specimens. Minimum: 0.03 mm; Maximum: 5.00 mm. The dashed lines show the medians for anchovies (light grey) and sardines (dark grey).

a major source of the MPs entering the oceans (Lebreton et al., 2017). This
high amount of MPs input could explain the high number of APs found in
the anchovy and sardine individuals of the Gulf of C4diz compared to
other marine areas of the Iberian Peninsula. In this regard, Gonzalez-
Ortegon et al. (2022) found high concentrations of MPs in the subsurface
waters of the Gulf of Cadiz.

No stable intraspecific relationships were found between the size, body
condition (K,,) and gonadal development (GSI) of the individuals analysed,
and the abundance and size of the APs found in their DTs. Statistical
analyses showed no significant differences in the abundance, composition,
and size of APs between the two species. Similarly, Filgueiras et al. (2020)
also found no differences between pelagic (E. encrasicolus and S. pilchardus)
and benthic (C. lyra and M. surmuletus) species on the Cantabrian coasts.
However, they found a relationship in the size of the individuals analysed
and their body condition with the abundance of MPs. In contrast, another
study conducted on commercially important small pelagic species
(E. encrasicolus, E. whiteheadi and S. sagax) off the coast of South Africa
found interspecific differences in the incidence and abundance of APs
found in the DT, but no influence related to the size of the species (Bakir
et al., 2020). Pennino et al. (2020) showed a higher probability of finding
a higher number of MPs in anchovy individuals with a higher GSI using a
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Fig. 4. Average size of each of the anthropogenic particle types extracted from both
species. Fibres were measured at their longest section while fragment and film type
particles were measured through the maximum projection of Feret's diameter.

Bayesian probability model. However, their individuals included a large
number of juveniles. In this regard, greater variability in gonadal develop-
ment could facilitate the probability of finding greater differences in the
number of MPs. In the present study, all individuals were of similar size,
which is closely related to gonadal development.

4.2. Spatial distribution

There are several factors that can influence the frequency and quantify
of APs found in fish at different spatial locations. Such factors include the
presence along the coastline of: estuaries, which are considered to be criti-
cal points of MPs concentrations in coastal areas (Bessa et al., 2018; Browne
etal., 2011; Wright et al., 2013); WWTPs, which despite their high removal
rate of MPs, are considered to be a major source of microfibres to the ma-
rine environment (Franco et al., 2020, 2021; Magni et al., 2019; Sun
et al., 2019); and large metropolitan densities with high plastic waste gen-
eration (Browne et al., 2011; Gago et al., 2015). Therefore, their possible in-
fluences on the frequency and quantity of APs have been analysed. In this
study, no spatial pattern was found in the concentration of APs in the organ-
isms sampled in the Gulf of Cadiz. This lack of spatial pattern has also been
observed along the Portuguese coast (Lopes et al., 2020). In contrast, differ-
ences were found in the concentrations of APs ingested across the stations
sampled in the study by Compa et al. (2018) on the Mediterranean coast
of the Iberian Peninsula (from the Gulf of Le6n to the Alboran Sea). This
could be related to the small extension (140 km) of the study area in the
Gulf of Cadiz compared to the study on the Mediterranean coast
(1245 km of coastline). In the present study, only the items found in sar-
dines showed a slight decrease in particle size from the western area
(Portugal) to the eastern area (mouth of the Guadalquivir River and
Cédiz). This decrease in size could be influenced by the higher number of
fragments (smaller than fibres) found in the Guadalquivir and Cadiz sub-
area than in the Portuguese sub-area.

Although there are important sources of contamination in the Gulf of
Cédiz, we have not been able to find a clear pattern in the spatial distribu-
tion of the abundance of APs in fish. This could be caused by the high mo-
bility of engraulids and clupeids (Saraux et al., 2014) that may be feeding in
areas far from the capture zone. In addition, atmospheric deposition can be
a dominant pathway for microfibres in certain areas (Napper et al., 2022),
acting as a diffuse source of pollution. Species mobility and diffuse pollu-
tion would hinder identification of spatial patterns based on the sources
of this type of contamination in the Gulf of Cadiz and would explain why
no differences are found throughout the sample area.

4.3. Characteristics of anthropogenic particles

Fibres were the most common type of APs found in anchovy and sardine
individuals. This agrees with studies carried out in the Iberian Peninsula by
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Fig. 5. Colour distribution of each group of anthropogenic particles extracted from anchovies and sardines analysed from the Gulf of Cadiz.

Compa et al. (2018), Filgueiras et al. (2020), Lopes et al. (2020) and
Pennino et al. (2020), in which fibres represented >80 % of the APs
found. Several literature reviews have demonstrated that this type of AP
is the most frequent in different habitats of the marine environment, such
as ocean surface waters and seafloors, as well as in the gastrointestinal con-
tents of both vertebrates and invertebrates (Gago et al., 2018; Lépez-
Martinez et al., 2020). The average size of the APs found in the Gulf of
Céadiz reached 0.88 mm in the anchovies and 0.92 mm in the sardines,
while the most abundant interval size was found below 0.50 mm in both
species. Similarly, for Lopes et al. (2020), although they did not provide
mean sizes of the APs, the size range below 0.50 mm was the most frequent.
Filgueiras et al. (2020) presented slightly higher mean sizes, i.e., 1.11 mm
for anchovies and 1.46 mm for sardines, and the most frequent size range
was the interval 0.5-1 mm. In this case, a lower limit of 0.3 mm was estab-
lished for identification of particles. The present study showed 26 % of the
identified APs under that size limit. In studies on small pelagic species that
used organic matter degradation methods prior to particle identification,
MPs in the lower fraction (<1 mm) were the most abundant size
(Filgueiras et al., 2020; Hastuti et al., 2019; Tanaka and Takada, 2016).
In contrast, in studies that inspect the stomach contents directly to locate
and identify MPs, the mean sizes reported were usually larger (Lefebvre
et al., 2019; Lusher et al., 2013; Neves et al., 2015). This could indicate
the difficulty in finding the small-sized particles among the organic matter
present in the sample. Therefore, the methodology employed in this study
could help increase the recovery rates of the APs ingested by individuals.
Studies on WWTPs as source of contamination by APs in the Gulf of
Cédiz reported >1.07-107 APs-day ! per treatment plant considering the
same size range (<0.5 mm as the most common size) (Franco et al., 2020,
2021). The large number of APs in this size range could be an explanation
for the frequent presence of APs found in the studied species. In terms of
river inputs, according to a study in the Guadalquivir, the upper fraction
(1-5 mm) was the most common (Bermudez et al., 2021). However, the
lower sampling limit in this study was 1 mm. Given that the number of par-
ticles in the marine environment is estimated to increase with decreasing
particle size (Lindeque et al., 2020), it is expected that the contribution
from the Guadalquivir River to the Gulf of Cadiz of APs smaller than
1 mm is much higher. In a study carried out in the subsurface waters of

the Gulf of Cédiz, the most common size range of the MPs found was be-
tween 0.05 and 0.20 mm (Gonzélez-Ortegén et al., 2022).

According to a study published by Jams et al. (2020), a 20:1 ratio was
found between the body size of marine organisms and the particle size
that makes it susceptible to ingestion. Therefore, small APs are ideal candi-
dates for direct ingestion by engraulids and clupeids. Furthermore, the size
ranges of the APs found in this and other studies on anchovy and sardine
species overlap with the size range of their prey (Lopes et al., 2020). Simi-
larly, given the relationship studied by Jams et al. (2020), it is possible that
some of the smaller fibres and fragments found correspond to indirect in-
gestion. In other words, they could be feeding on prey contaminated by
APs (Foekema et al., 2013).

The colours of APs found in this study showed similarities with those
studied by Lopes et al. (2020) in eastern and southern Portugal, where
blue and black APs also dominated the colour distribution. The anchovy
and sardine individuals studied by Filgueiras et al. (2020) in the western
Cantabrian Sea presented a different colour distribution, showing predom-
inance of transparent particles. Compa et al. (2018), on the Mediterranean
coast of the Iberian Peninsula, reported blue and transparent particles as
most common colours. These differences could be caused by the selectivity
of the fish concerning their prey, consuming particles that resemble their
food source (Ory et al., 2017), or by the dominance of those colours in
the environment inhabited by the species sampled (Boerger et al., 2010).

The chemical characterization of the fibres found agreed with studies
carried out by Suaria et al. (2020) and Remy et al. (2015), where most fi-
bres found in oceanic waters and in macrocrustaceans were not of synthetic
origin. In both species, the most abundant synthetic polymer was nylon.
This type of material is widely used in textiles and the fishing industry
(Franco et al., 2021; GESAMP, Kershaw and Rochman, 2015).

4.4. Potential human consumption: commercially important small pelagic fish
species as micro-litter bioindicators

The Food and Agriculture Organization of the United Nations (FAO) re-
corded that 6.1 % of the total ingested proteins by humans derived from
fish. Among the small pelagic fish species, sardine and anchovy are some
of the most commercialized and consumed fish, e.g., in ICES Sub-division
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9.a South, they represent >40 % of the total captures (ICES, 2021). Further-
more, these species play an important role in marine ecosystems, as they are
key prey of predators such as tunas, cetaceans, and marine birds. Unfortu-
nately, there is a lack of information on the potential transfer of MP pol-
lution from small pelagic fish to humans via consumption of anchovies
and sardines; in many cases, the fish may be consumed without prior
evisceration (e.g., as fried, or grilled fish). Gutting is expected to de-
crease human dietary exposure compared to eating whole fish, particu-
larly for MPs larger than 0.02 mm that are not able to translocate tissues
(Mcllwraith et al., 2021).

The high number of MPs found in edible marine organisms in the
present and other studies (Alomar and Deudero, 2017; Bellas et al.,
2016; Jin-Feng et al., 2018; Piarulli et al., 2019; Savoca et al., 2020)
highlights the importance of monitoring MPs in fish. Long-term moni-
toring would facilitate the assessment of marine ecosystem health and
potential transfer to humans. The Marine Strategy Framework Directive
(MSFD; Directive 2008/56/EC) of the European Commission considers
the presence of MPs in fish as secondary criteria under Descriptor 10
(Marine Litter) (Gonzalez-Fernandez and Hanke, 2020), supporting
the idea of implementing long-term monitoring programmes to provide
data series for the assessment of temporal trends.

Numerous studies have proposed various small pelagic species as po-
tential bioindicators of microplastic pollution in the environment in
which they are found (Bakir et al., 2020; Fossi et al., 2018; Lopes
et al., 2020). Small pelagic species fulfil most of the criteria proposed
by the Group of Experts on Scientific Aspects of Marine Environmental
Protection (GESAMP) for candidate bioindicators of this type of pollu-
tion (GESAMP, 2019). Anchovies and sardines are well represented
throughout the Gulf of Cadiz, as they are highly mobile organisms.
Therefore, they integrate information spatio-temporally. In addition,
they are easily comparable at a global level with other engraulids and
clupeids. Moreover, monitoring programmes are currently being carried
out for these two species, such as that of the International Council for
the Exploration of the Sea (ICES), whose monitoring has allowed a
111 % increase in catches of Sardina pilchardus for the year 2021/22
compared to the previous year. Therefore, and given that anchovies
and sardines in the Gulf of Cadiz represent one of the largest fisheries
in the area, the monitoring of these species would facilitate the assess-
ment of the environmental status of ecosystems and the potential risks
to which humans are exposed when consuming these commercial spe-
cies. Furthermore, it could trigger improvements in human dietary
habits, by providing guidance on the need to eviscerate certain species
before consumption.

5. Conclusions

This study evaluates the contamination by anthropogenic microparti-
cles and MPs in the digestive tracts of anchovy (Engraulis encrasicolus) and
sardine (Sardina pilchardus) populations in the Gulf of Cadiz for the first
time. The presence of this type of contamination is confirmed in 100 % of
the analysed individuals of these commercially important species, and the
abundances are well above data reported in other studies found in the Ibe-
rian Peninsula. In this regard, the extraction method chosen for this study
may have allowed a greater recovery of APs embedded in this organic ma-
trix. No interspecific differences were found in the size and abundance of
isolated anthropogenic particles and no correlations were found between
the number of particles ingested and the biological characteristics of the in-
dividuals analysed. Similarly, no clear influences of rivers or populations
near the sampling stations were found.

Finally, this study has contributed to the assessment of the environmen-
tal status of the Gulf of C4diz and to the existing knowledge of APs and MPs
contamination in marine biota. These results provide valuable information
for the selection of environmental bio-indicators of MPs pollution that sat-
isfy the criteria proposed by GESAMP and contribute to databases used to
monitor marine environmental status at large scale under the MSFD of
the European Commission.
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