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Abstract

We quantified the incidence of microplastics in the gut contents of the European sardine
(Sardina pilchardus) and anchovy (Engraulis encrasicolus) in the Northwestern
Mediterranean Sea and tested which variables influence this abundance, including the
prevalence of parasites (i.e., trematoda larvae and nematodes). We detected a 58%
occurrence of microplastics ingestion in sardines and a 60% in anchovies. With respect
to sardines, the individuals with lower body conditions were found to have the highest
microplastics ingestion probabilities, whereas in anchovies such probabilities were
observed in individuals with higher gonadosomatic indices and smaller size. The areas
with the highest microplastics ingestion probabilities were the Gulf of Alicante for
sardines and the Gulf of Lion - Ebro Delta for anchovies. Both species showed a
positive relationship between parasites and microplastics ingestion. These results
highlight that both parasitism and ingestion of microplastics are concerns for the health
of marine stocks and human consumers.
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Introduction

In recent decades, marine debris has become a serious threat to both the
environment and biota. The importance of this problem 1is reflected in the
implementation of descriptor 10 of the "Marine Strategy Framework Directive (MSFD)"
of the EU, which monitors marine litter for a "Good Environmental Status (GES)"
(European Parliament and Council of the European Union, 2008). Among the different
types of marine litter, plastic pollution is of particular concern (Bergmann et al., 2015).

In terms of plastic pollution, the Mediterranean Sea is one of the most affected
areas in the world, probably related to its natural environment, oceanographic regimes
and the high level of anthropogenic activities in surrounding areas (Anastasopoulou et
al., 2013; Cozar et al.,, 2015; de Haan et al., 2019; Deudero and Alomar, 2015;
Filgueiras et al., 2019; Garcia-Rivera et al., 2015; 2018; Ioakeimidis et al., 2014;
Katsanevakis and Katsarou, 2004; Spedicato et al., 2020; Ramirez-Llodra et al., 2013).
Studies carried out in the Mediterranean basin have reported up to 890,000 plastic items
per km?; the majority of which are microplastics (diameter < 5 mm) (Eriksen et al.,
2014).

Recent studies have shown that pelagic and benthic fish ingest microplastics
(Lusher et al., 2013; Lusher et al., 2017; Neves et al., 2015; Romeo et al., 2015) and that
this could potentially cause mortality, reduce feeding activity, inhibit growth and
development, disrupt endocrine, cause energy disorder, reduce immunity, and lead to
neurotransmission dysfunction and even genotoxicity (Avio et al., 2015; Rochman et
al., 2014; Wright et al., 2013). The physiological effects of microplastics ingestion have
already been detected in different marine species, both field collected and treated
laboratory experiments, including inflammation and lipid accumulation in the liver,

neurotoxic effects and energy related changes, as well as oxidative stress induction



(Barboza et al. 2018; Jeong et al., 2017; Yu et al., 2018). Furthermore, exposure to
chemical pollutants associated to plastic particles has become a major concern,
especially given that chemical bioaccumulation in fish can reach human consumption,
with the effects still poorly understood (Teuten et al., 2009). Similarly, not much is
known about the influence of microplastics retention on other substances present in fish
gastrointestinal tracts, such as parasites, since they could potentially increase the surface
arca for adhesion and retention (Hernandez-Milian et al., 2019), weaker an individual’s
body conditions, and increase the probability of ingesting anthropogenic particles.
Indeed, parasitism is another source of concern for marine stock health and human
consumption safety (Casadevall et al., 2016). Healthier fish stocks could therefore be
considered more resistant to parasite infections and plastic ingestion.

Among small pelagic fish species, Sardina pilchardus (European sardine,
Walbaum, 1792) and Engraulis encrasicolus (European anchovy, Linnaeus, 1758) are
the most commercialized fish in the northwestern Mediterranean Sea and represented up
to 39% of the total catches in the region between 2014 and 2016 (FAO, 2018). These
species have been shown to play an important role in the transfer of energy from lower
to higher trophic level organisms (Albo-Puigserver et al., 2016; Coll et al., 2008;
Palomera et al., 2007). Historically, they have shown an important bulk of biomass and
production and played a key ecosystem role given their strong coupling between both
pelagic and demersal environments, where they are important prey for pelagic
predators, such as tunas (Navarro et al., 2017), cetaceans (Goémez-Campos et al., 2011),
pelagic seabirds (Navarro et al., 2009) and demersal predators (Mellon-Duval et al.,
2017). Additionally, they are widely distributed throughout the entire northwestern
Mediterranean continental shelf (Giannoulaki et al., 2011; Giannoulaki et al., 2013) and

have a particular feeding strategy that combines both filter and particulate feeding



activities (Borme et al. 2009; Costalago et al. 2012; Plounevez and Champalbert, 2000;
Nikolioudakis et al. 2014). All these characteristics make S. pilchardus (hereafter
sardine) and E. encrasicolus, (hereafter anchovy) key candidates to assess exposure to
microplastics, with possible public health concerns of microplastic ingestion (Smith et
al., 2018).

Within this context, this study aims to (1) quantify the incidence of microplastics
in the gut contents of these two commercial fish in a latitudinal gradient of the
northwestern Mediterranean Sea; (2) investigate the implications of parasite prevalence
in the accumulation of microplastics; (3) investigate the relationship between
microplastic abundance and physiological, environmental and spatial factors; and (4)
create spatially explicit predictions of the plastic levels ingested by species across a

given landscape (hereafter plasticscapes).

Material and methods
Data collection and study area

Sardine and anchovy samples were collected as part of the EU-funded
MEDIterranean Trawl Survey (MEDITS) carried out between the spring and early
summer (April to June) of 2018. According to Bertrand et al., (2002), the MEDITS
survey uses a stratified sampling design, with standardized trawls based on depths (5
bathymetric strata: 10 to 50, 51 to 100, 101 to 200, 201 to 500 and 501 to 700 m) and
Geographical Sub-Areas (GSA). This study concerns the trawlable grounds of GSA 06
(Northern Spain) and 07 (Gulf of Lions), which borders the northwestern Mediterranean
coast (Figure 1).

For each station both the geographical location (latitude and longitude) and the

bathymetry (in meters) were recorded during the survey.



Sample processing

All individuals were immediately frozen after capture and stored at —20°C. In

the laboratory, the samples were thawed at room temperature and morphological

measurements were taken: total length (cm), body weight (g), sex (female = F, male =

M, indetermined = I), stage (adult = A, juvenile = J, with sardine juveniles considered to

be <11 cm and anchovy juveniles <13 cm, respectively (Palomera et al., 2003; Silva et

al., 2006) and sexual maturity (inactive = immature/resting, maturing, or active = pre-

laying, laying, spent). Stomachs were collected using stainless steel scissors and

tweezers. To extract the stomach, the sample was cut from the top of the oesophagus to

the pyloric caeca and preserved in pure ethanol 96° (PanReac, UN1170 v/v).
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Figure 1: Map of the study area with sampling locations where European sardine (4)
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and anchovy (B) individuals (adults and juveniles) were caught. The geographical

subareas are delimited by lines, with GSA 07 corresponding to the Gulf of Lions and

GSA 06 subdivided into two areas: GSA 06N in the north and GSA 06S in the south.



We calculated the gonadosomatic index, GSI = (WG/WT) *100, where WG is the
wet weight of the gonad and WT is the total body weight of the individual minus the
gonad weight. GSI is used as a measure of reproductive investment. In addition, we
used the relative condition index (K,) (Le Cren, 1951) as a proxy for both somatic
condition and an indicator of length independent morphometric. The K, index is widely
used to analyze species with allometric growth patterns and its use has been validated
for sardine and anchovy (Brosset et al., 2015). The relative condition factor was
computed as: K, = W/W, where W is the mass of an individual and W, is the theoretical
mass of an individual given a total length TL. I, was predicted by the length—weight
relationship calculated from all individuals sampled, W, = oTL", where W, = total weight
minus the gonad weight (g), 7L= total fish length (cm) and a and S are the regression
coefficients. By definition the values of the relative condition factor (K,) are distributed
around 1. Values above 1 are individuals in a better condition than a standard
individual. Values below 1 are individuals in a worse condition than a standard
individual of the same size.

Gut contents of sardine and anchovy were extracted from the stomachs under a
stereomicroscope (model NIKON SMZ 1270). Extraction and analysis of gut contents
were carried out using pure ethanol 96° (PanReac, UN1170 v/v) and always using
glassware (i.e., vials, petri plate and cover). Gut contents were characterized
individually, and no sub-sampling was carried out. Only the material contained in the
stomachs was considered, discarding the contents of the intestine and the oesophagus in
order to exclude bias from different rates of digestion and cod-end feeding, respectively
(Hyslop, 1980). Additionally, by excluding oesophagus contents it avoids counting
potential microplastic debris ingestion (Welden and Cowie, 2016) just prior to fish

collection (e.g., contamination of micro-pieces of paint from the vessel or fishing gear



that could have detached and become concentrated into the cod-end of the trawl net and
been ingested by the fish). During the gut content processing plastics were measured
with an ocular micrometer in the microscope in order to classify them as either
microplastic (length and/or diameter <5 mm) or mesoplastic (length and/or diameter >5
mm) (Baker and Bamford, 2009). Furthermore, all materials were counted and sub-
classified by shape into two main groups: ‘fibres’ (i.e., fibres, including polyester-made
clothes and artificial cellulose remains (Suaria et al. 2020), as well as pieces of fishing-
lines, the latter clearly identified due to their low degree of degradation, diameter and
shape, as well as their hardness and inflexibility) and ‘other’ (mainly plastic fragments,
such as plates from paints and plastic-bag remains). All ‘other’ particles were micro-
plastics (i.e. <5 mm). The laboratory practice followed the standard procedures to avoid
contamination during sample processing (Nadal et al. 2016; Lusher et al. 2017; Woodall
et al., 2014). Accordingly, microscope analysis was conducted in a ‘clean room’ (i.e., a
non-ventilated room with low foot traffic and embargoed to non-essential personnel,
Lusher et al. 2017), with researchers wearing a white 100% cotton laboratory coat and
latex gloves, and an air extractor placed 20 — 30 cm above the petri plate with the gut
samples to avoid ethanol inhalation and fiber contamination from clothes into the
samples. Glassware, bench, microscope slide and dissection equipment (i.e., stainless-
steel scissors, scalpel and lancet) were rinsed with pure ethanol prior to each gut content
analysis (Cole et al. 2014). Counted plastics, often attached to gut content remains (i.e.,
other zooplanktonic organisms and/or digested remains), were manually separated from
gut contents. Similarly, ‘clean fibers’ (i.e., fibers without any attached piece of gut
content remains) were considered to be plastic from air contamination during the sample
processing and were, therefore, excluded from analysis (Rodriguez-Romeu et al., 2020).

This assumption could result in partial underestimation of plastic ingestion given that



clean fibers ingested by fish right before they were caught were preserved and unaltered
until the microscope analysis; however, at the same time, it excludes plastic
overestimation from contamination by air-pollution during gut content analyses.

On the other hand, all identifiable parasites were counted and classified to the
lowest possible taxonomic group. Broken parts of organisms were excluded from the
analysis. Two parasite groups were identified: trematoda larvae and nematodes.

The feeding intensity was assessed by using the Stomach Filling Degree (SFD)
as a proxy, which was defined as the sum of weights of all the prey identified in a
stomach (mg) divided by the total length of the fish (mm). This approach excludes the
effect of the fish size and is considered to be a useful estimator of feeding intensity

(e.g., Bachiller and Irigoien, 2013; 2015; Bachiller et al., 2016).

Statistical analysis

The abundance of microplastics ingested by individuals from each species was
analyzed using a statistical modelling approach that included the following variables:
total fish length, body weight, sex, stage, sexual maturity, K,, GSI index, SFD, depth,
latitude, longitude, and the number of total parasites found in each stomach (considering
trematoda larvae and nematodes together). The remaining source of variation on the
abundance of ingested microplastics could potentially be caused by different sources of
intrinsic variability from individual fish or the area. Consequently, we included two
random effects in the models: “individual effect” and “area” (GSA 07, GSA 06 north
and GSA 06 south).

For each species a Bayesian Generalized Linear Mixed Model (B-GLMM) with
a negative binomial error was implemented to account for the overdispersion of the

response variables.



Standardized data exploration techniques were used to identify any outliers and
possible correlation and collinearity between the explicative variables (Zuur et al.,
2010). For both species, longitude and latitude, as well as total fish length and body
weight, were found to be highly correlated and have a high degree of collinearity among
them (Pearson correlation r = >0.80 and VIF >3) (Fig. S1 and Fig. S2). Thus, these
variables were included in the models separately.

To better interpret both the direction (positive or negative) and magnitudes
(effect sizes) of the parameter estimates in relation to the others, after the explanatory
analysis the explanatory variables were standardized, i.e., difference from the mean
divided by the corresponding standard deviation (Gelman, 2008; Hereford et al., 2004).

Following the Bayesian approach, a non-informative zero-mean Gaussian prior
distribution was assigned to the fixed effects with a variance of 100 (Mufioz et al.,
2013), given that no prior information on the modeling parameters was available.

In order to compare the goodness-of-fit for each model, two different measures
were computed: (1) the Watanabe-Akaike information criterion (WAIC) (Watanabe,
2010) and (2) the log-conditional predictive ordinates (LCPO) (Roos and Held, 2011).
Specifically, WAIC was used as a measure of goodness-of-fit, and LCPO was used as a
predictive quality indicator. Lower WAIC and LCPO values indicate better models.

For each estimated parameter of the final selected model the probability (Pr) that
they were different that 0 was computed (Pr > or < 0) using the Bayes theorem property.
B-GLMMs were performed using the R-INLA package (Rue et al., 2009).

Finally, using the INLA Stochastic Partial Differential Equations (SPDE)
approach (Lindgren et al., 2011), the predicted distributions of plastic abundance, or
plasticscapes, by species, were generated. Models were specified as follows:

Yi ~a +{(W;) + O]



where Y; is the microplastic abundance at location i that follows a negative
binomial distribution, a is the intercept of the model, W; represents the smooth spatial
effect that links each microplastic observation with a spatial location, and &; contains the
independently distributed residuals. For the spatial component, a multivariate Gaussian
distribution with a zero mean and a Matérn correlation matrix was assumed (Mufioz et
al., 2013). Plastiscapes abundance by species were then generated to predict the
response variable for the entire study area using linear interpolation via a Bayesian

kriging (St. John Glew et al., 2018).

Results
European sardine

A total of 104 sardine individuals were analyzed, and microplastic items were
found in 60 individuals (58%) (Table 1). Mesoplastic items were found in only a single
adult in the GSA06 south (Table 1). Microplastics were found to be ingested in all the
areas, as follows: in 21 of the 40 individuals in GSA07 (52.5%), 16 of the 30
individuals in GSA06 north (53%) and 23 of the 34 individuals in GSA06 south (68%)
(Table 1). Considering all plastic types and both juvenile and adult anchovies together,
on average between 1 and 2 items were ingested. Almost all the microplastic items were
classified as fibres (i.e., pieces of fishing-lines, fibres of polyester-made clothes),
whereas other items (mainly plates from paints or plastic-bag remains) (Table 1) were
only found in the stomachs of a single juvenile sardine in GSA06 south.

Parasites were found in almost all the areas in both juveniles and adults with a
prevalence of trematoda larvae. GSA06 north was the area with the highest proportion
of parasites in gut contents, with parasites found in 66.7% of juveniles and 86.7% of

adults (Table 1).
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The final B-GLMM examining the abundance of ingested microplastics in
sardines included latitude, quantity of parasites found in the stomach, the K, relative
condition factor and the area random effect. The variables individual fish random effect,
total fish length, body weight, sex, stage, sexual maturity, GSI index, SFD, depth and
longitude were not relevant (Table S1).

There was a probability of 87% that in higher latitudes the abundance of
ingested microplastics is lower for this species (Figure 2). In addition, results showed an
89% probability that fish with a higher abundance of parasites have a higher abundance
of ingested microplastics (Figure 2). The K, was revealed to have a negative
relationship with the quantity of ingested microplastics, with a probability of 77% that
individuals with lower K, values have a greater abundance of microplastics (Figure 2).
Such latitudinal differences in the abundance of the ingested microplastics were also

reflected by the relevance of the random effect area.
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Figure 2: Posterior marginal distributions of the relevant continuous variables for the
final European sardine B-GLMM for abundance of ingested microplastics: K, relative
condition factor (top left), latitude (top right) and abundance of parasites found in the
stomachs (bottom left). The posteriori marginal distributions are the probability
densities (y-axis) for each estimated coefficient beta (x-axis).
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When the effect sizes of parameter estimates were compared, latitude was the most
relevant factor (posterior mean= -0.13, IC 95% [-0.34, 0.08]), followed by the
abundance of parasites (posterior mean= 0.12, IC 95% [-0.07, 0.30]), and the K, relative

condition factor (posterior mean= -0.07, IC 95% [-0.27, 0.13]) (Figure 3).
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Table 1: Descriptive summary of the sampled individuals and ingested plastic items found, by sample area (Area) and by ontogenetic stage
(Stage). The number of sampled individuals (n), median relative condition factor (K,), percentage of stomachs with occurrence of plastics (% SC
plastics), mean plastic abundance (i.e., mean number of plastic items per fish, N) found in the stomach content (and standard error SE) classified
as Micro-fibre (<5 mm), Meso-fibre (>5 mm) and other type of plastic (Others, <Smm). The parasite contents are reported as the percentage of
stomachs with occurrence of parasites (% SC parasites) and the mean number of parasites (N) per fish (and standard deviation, SE) that

correspond to Trematoda larvae (trematoda lv.) and nematode parasites.

Me_dlan length Median K, Plastic pollution in diet Parasites in gut contents
Stage n (min-max; .
(min-max)
cm)
% SC Micro-fibre Others Meso-fibre % SC Trematoda Iv. Nematodes
Area plastics N (£SE) N (£SE) N (£SE) parasites N (£SE) N (£SE)
Sardina pilchardus
Juvenile 40 11.15  (9.6- 1.02  (0.85- 575 1.52£0.18 0 0 30.0 240.49 025+0.18
GSA07 12.8) 1.11)
Adult - - - - - - - -
Juvenile 15 9.0 (7.8-10.2) Ogg (0.80- 60.0 1.33£0.17 0 0 66.7 2.20£0.29 0.10£0.10
GSAO06-north 1.06)
140 (13.1- 1.04  (0.82- 1.14+0.14 0 0 1.92£0.24 0.08 £ 0.08
Adult 15 16.9) 111 46.7 86.7
Juvenile 15 10.3 (8.5- 096  (0.80- 66.7 1.80£0.20 0.10+0.10 0 60.0 2.22+£0.40 0.33£0.24
GSA06-south 11.7) 1.14)
16.6  (13.4- 1.00 (0.78- 1.77£0.28 0 0.08 £ 0.08 2.43+0.43 0.29£0.18
Adult 19 68.4 36.8
17.8) 1.07)
Engraulis encrasicolus
Juvenile 40 9.3 (8.5-11.0) 1.04  (0.79- 75 1.66 £0.17 0 0 75.0 2.40£0.37 0
GSA07 1.36)
Adult - - - - - - - - - -
Juvenile 15 9.6(8.9-10.6) 0.99  (0.69- 733 1.55£0.31 0 0 533 2.88 £0.69 0
1.25)
GSA06-north
127 (10.9- 098  (0.75- 1.67£0.33 0.08 £0.08 0 3.890£2.28 0
Adult 20 60.0 45.0
14.8) 1.56)
Juvenile 6 10.0 9.2- 0.84 (0.76- 50.0 2.00£0.58 0.33+0.33 0 16.7 1 0
GSA06-south 10.8) 0-98)
Adult 2 140 (13.1- 112 (0.72- 318 1.86 +0.46 0 0 91 1.50 + 0.50 0
16.2) 1.70) ) )
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individuals were analyzed and microplastic items were found in 62 fishes (60%) (Table
1). In GSAO07, microplastics were found in 29 of the 40 individuals (72%), whereas in
GSAO06 north, microplastics were found in 23 of the 25 individuals (65%) and in
GSAO06 south in 10 of the 28 individuals (36%) (Table 1). Considering all plastic types
found in both juvenile and adult anchovies together, on average between 1 to 2 items
were ingested. Mesoplastic items were not found in any stomachs of this species.
Almost all the microplastic items were classified as fibres, and items classified as other
were only found in 4 individuals in GSA06 (both south and north) (Table 1). For this
species no nematodes were found, however trematoda larvae were present in almost all
the areas with a prevalence among juveniles in the GSA07 of 75% and in the GSA06
north of 53.3% (Table 1).

In the final B-GLMM model of the abundance of ingested microplastics in

anchovies, the relevant variables were abundance of parasites found in the fish stomach,

GSI index, total fish length and the area random effect. Depth, latitude, longitude, fish
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body weight, sex, stage, sexual maturity, SFD, K, and the individual random effect were
not relevant.

Results revealed a 94% probability of finding more abundance of microplastics
when the abundance of parasites in the stomachs of anchovies is higher (Figure 4).
Similarly, when the GSI index was higher there was an 89% probability of 89% of
finding more abundance of microplastics (Figure 4). Conversely, results revealed a 99%
probability of a negative relationship between total fish length and ingested microplastic

abundance, suggesting that smaller organisms ingest more microplastics (Figure 4).
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Figure 4: Posterior marginal distributions of the relevant continuous variables of the
final European anchovy B-GLMM for abundance of ingested microplastics: latitude
(left) and abundance of parasites found in the stomachs (vight). The posteriori marginal
distributions are the probability densities (y-axis) of each estimated beta coefficient (x-
axis).

Finally, the relevance of the area random effect highlighted that there is some
intrinsic variability in the area that affects the abundance of microplastics ingested by
individuals of this species.

When the effect size of the estimated parameters where compared, results

revealed that total fish length was the most relevant variable (posterior mean = -0.15, IC

95% [0.07 -0.15]), followed by the GSI index (posterior mean = 0.09, IC 95% [-0.05,

15



0.24]) and the abundance of ingested parasites (posterior mean = 0.05, IC 95% [-0.01,

0.10]) (Figure 5).

Effect size
High
0.1 ~ Low

Medium

IC 95% Estimated coefficients

Gsl Parasites T

Fixed effects

Figure 5: Credible Interval of 95% (IC) of the parameter estimates for the fixed effects
of the final European anchovy B-GLMM. GSI: gonadosomatic index, TL: total length.
Plasticscapes

Predicted plastic ingestion maps showed that the hot-spot areas of ingested
plastics were different for the two species. In particular, sardine appeared to be more
vulnerable to microplastic ingestion within the area of the Gulf of Alicante (GSA06
south, Figure 6A), whereas the ingestion of microplastics by anchovy seemed to be
higher in the Gulf of Lion (GSAO07), and the Ebro Delta (GSA06 north) continental

shelves (Figure 6B).
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Figure 6: Plasticscapes of European sardine (A) and anchovy (B) obtained plotting the
posterior mean of the spatial B-GLM by species.
Discussion

In this study we quantified the abundance of ingested microplastics for two
commercial small pelagic species of the Western Mediterranean Sea, S. pilchardus and
E. encrasicolus, and we tested which variables could influence this abundance,
including the quantities of parasites found in each stomach of each species.

Overall, our findings indicate an ingestion of microplastic frequency of 58% for
sardine and 60% for anchovy in the northwestern Mediterranean Sea. Compa et al.,
(2018) showed lower frequencies (14.28 and 15.24% for sardine and anchovy,
respectively) in the same area three years before, in 2015. This dissimilarity could be
due to the fact that Compa et al. (2018) analyzed the whole gastrointestinal tract and/or
to the nature of the sampling both in time and methods. Indeed, Compa et al (2018)
sampled fish in July 2015 with a pelagic gear which fishes in the surface strata of the

water column, while in this study individuals were collected in May 2018 using a
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demersal gear which fishes close to the seabed. These results could suggest that the
distribution of microplastics abundance in the water column is heterogeneous (Choy et
al., 2019) and that it is higher at the bottom near the seabed. Further research is needed
regarding this issue, based on specific campaigns to monitor conditions at different
depths in the water column and at different times of the day and the year. However,
abundance of ingested microplastic in this study was not related to depth according to
the B-GLMM.

Anchovies caught in the Western Mediterranean Sea had lower frequencies of
ingested microplastics than those caught in the Eastern and Central Mediterranean areas.
For instance, Kazour et al., (2019) found that the 83.3% of European anchovies
analyzed had ingested microplastic in the Lebanese coast (Eastern Mediterranean Basin)
and Renzi et al., 2019 found a 90% in the Adriatic Sea (90%) (Renzi et al., 2019a).

Previous studies in the Mediterranean Sea also showed high ingestion of
microplastics for other species, such as Boops boops (57.8%) and Mullus barbatus
(18.8%) in the Balearic Sea, and M. barbatus (33.3%) and Trachinotus ovatus (24.32%)
in the Central Mediterranean (Bellas et al., 2016; Battaglia et al., 2016; Nadal et al.,
2016). Some authors have also correlated microplastic ingestion with feeding strategies
(Peters et al., 2017; Romeo et al., 2015). Accordingly, while in the pelagic realm the
selection of particles can be related to the biometrics of the mouth (e.g. gape size,
Bachiller and Irigoien, 2013) rather than the nutritional quality of the prey, in demersal
environments the prey selection allows the rejection of certain prey species and debris
(Deudero and Alomar, 2014). Despite both sardine and anchovy are able to use filter or
particulate feeding (Costalago et al., 2015; Nikolioudakis et al., 2014; Bachiller et al.
submitted), anchovy is a more particulate and selective feeder at adult stages or when

food concentration is low (Compa et al., 2019, Costalago et al., 2014), while the feeding
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behaviour of sardine is preferentially filter-feeding (Bachiller and Irigoien, 2015;
Nikolioudakis et al., 2014), showing a higher filtration rate (Collard et al. 2017;
Nikolioudakis et al., 2014) and suggesting that the ingestion of anthropogenic particles
is not selectively based (Garrido et al., 2007). However, our results show that the
ingestion of microplastic frequency is similar in anchovy (60%) and sardine (58%). This
might be explained by a higher filter-feeding mode by the small body-sized anchovy
and especially in areas with high concentration of food (Costalago et al., 2014;
Plounevez and Champalbert, 2000). However, the diet plasticity of both anchovy and
sardine together with the random effect of the area found in the analyses might also
suggest an opportunistic or accidental ingestion of microplastics, more related with the
plastic abundance in the sea than with a certain particulate/selective feeding behaviour
by certain fish species.

Accordingly, for sardine the latitude pattern is one of the main factors that
explain the abundance of microplastics in gut contents, with lower probability to find
microplastics in the northern areas. The sardine plasticscape confirms this trend and
highlights the Gulf of Alicante as a riskier microplastic area. On the contrary, latitude
was not a relevant factor to explain the anchovy ingested microplastics variability. For
anchovy, despite the latitude not being a significant factor for ingested microplastic
variability, the plasticscape highlighted that the Gulf of Lion and the Ebro Delta were
the areas with a higher vulnerability for microplastic ingestion. These differences could
be due to the different feeding behaviour of anchovy and sardine, and the different size
distribution and occurrence of plastic fibers in individual areas. Future studies should
look at this aspect in detail. It is interesting to mention that the three areas identified as
areas with higher vulnerability for microplastic ingestion match with the identified

“future climate refuges” for these species (i.e. areas in which these species will probably
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persist in under changes in environmental conditions) (Pennino et al., submitted). These
results are especially relevant to elaborate spatially explicit management plan (e.g.
MPA, etc.) for small pelagic species. Indeed, they show that the areas that consistently
offer favorable habitats are also the ones with higher probability of microplastic
ingestion and should be prioritize for conservation measures.

Neither the abundance of ingested microplastics of sardine, nor anchovy, were
related with depth or longitude, in accordance with Compa et al. (2018) results. In
addition, the random area effect selected for both species in the final model highlights
some intrinsic geographical variability affecting the microplastic abundance ingested by
fish. These variations between areas could be related to the different degree of exposure
to human pressures such as anchoring allowance, maritime routes, legal protection
regulations and waste discharges, as well as environmental factors (Garcia et al., 2017).
Different levels of organic matter from the river supply and vertical mixing is present in
the sampled areas. These factors could entail the growth of phytoplankton and
zooplankton, which attract high concentrations of small pelagic fish and also plastic
debris coming from land (Bellido et al., 2008). However, due to the microplastics
buoyancy and durability, these items can be transported through long distances and their
ingestion in a given location is not strictly related to local sources but may result from
additive sources (Nadal et al., 2016). Marine currents must be playing an important role
in the spread of microplastics and areas characterized by convergence currents could be
the ones that accumulate more debris that consequently are ingested by marine species.
Further studies need to explore the relevance of oceanographic connectivity in
microplastic dispersion, accumulation and ingestion.

In the case of anchovy, individuals with higher GSI index and smaller length

showed more abundance of ingested microplastics. When the GSI is high, adult
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anchovy might be investing a high proportion of energy for reproduction, which
requires higher quantities of food and therefore a higher feeding intensity that could
increase the vulnerability of fish to microplastic ingestion (Somarakis et al., 2019). As
already mentioned, smaller individuals of anchovy tend to show higher filter-feeding
mode (Costalago et al., 2014; Plounevez and Champalbert, 2000), which could explain
our results. This is the contrary in the case of sardine in the northwestern Mediterranean
Sea, where filter feeding behaviour prevails as individuals are larger (Bachiller et al.
submitted). Accordingly, in our study we did not find any relationship with sardine
ingestion of plastic and fish size.

Of particular relevance in this study is the evidence for both species of a positive
relationship between the abundance of parasite and the abundance of microplastics. As
far as we know, this type of relation was only tested by Hernandez-Milian et al. (2019)
in grey seals (Halichoerus grypus) and, although without a significant relationship, their
results showed that microplastics tended to accumulate in areas where more parasites
were aggregated. In our case both microplastics and parasites were found in the
stomachs of sardine and anchovy along all the area without a specific trend for sardine.
However, for anchovy the area with the highest frequency of ingested plastic and
parasite was the Gulf of Lions. This might be related to the individuals distributed in
more polluted areas having a higher probability of being infected by parasites and
feeding on more microplastics. In addition, the highest number of ingested microplastics
found in sardines with lower condition factors can suggest that (1) individuals with a
better fit are less likely to ingest anthropogenic particles, or (2) that individuals showing
higher vulnerability for plastic ingestion could subsequently derive on poorer body
condition. Indeed, recent studies have showed negative effects related to the ingestion of

microplastics by marine organisms, such as the reduction of growth and food
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consumption in the crab (Carcinus maenas) and the marine worm (Arenicola marina)
(Watts et al., 2015; Wright et al., 2013). Ferrer-Maza et al., (2016) showed that the
current prevalence of smaller individuals in the northwestern Mediterranean anchovy
stock might have several consequences for the health of the stock as a whole, because
they have lower fecundity, lower lipid content and higher intensity of certain parasites.
In the recent years, a reduction in the size of small pelagic species was also observed in
the sampled study areas (Coll and Bellido 2018; Albo-Puigserver et al. in preparation)
and consequently the high abundance of microplastics and parasites in these species
could be an indirect effect.

Most of the microplastics found in gut contents of fish were classified as fibres
that, according to several authors, are more abundant in the marine environment than
fragments (Lusher et al., 2013; Rochman et al., 2015; Neves et al., 2015). The
microplastic characterization procedure avoided the damaging of ingested plastics
during the preservation in ethanol (Lusher et al., 2017) as well as the accidental
counting of plastic pollution in samples (Rodriguez-Romeu et al., 2020). Plastic
contents in fish stomachs, despite being characterized in a limited level of detail (i.e.
visual microscope analysis), should be considered as conservative.

In conclusion, the ingested microplastics by anchovy and sardine observed in the
Western Mediterranean, represent an initial evidence of contaminants transfer across the
food web, given that these small pelagic species are also key prey for many other top
predators, including commercial species (e.g. tuna; Gomez-Campos et al., 2011;
Navarro et al.,, 2017). This is therefore a potential subsequent concern for human
consumption. In fact, results suggest that most of the ingested particles might have been
discharged from inland sources into the sea or from degradation of larger plastics from

the fishing industry or other sources. The high prevalence and increasing production of
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microplastics in the ocean (Eriksen et al., 2014; Lebreton et al., 2019) make it necessary
and urgent to further investigate microplastics distribution and species association, as
well as microplastics-parasites aggregations and/or potential relationships, such as the
one shown in this study. It is also essential to investigate the microplastics incidence
related to other factors, such as prey and parasite prevalence, as well as the translocation
of microplastics from the stomach to other organs and to potential consumers (Collard
et al., 2017). The knowledge of these associations will be paramount in enabling the

understanding of the microplastics issue.
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