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Plastic marine pollution is an increasing threat to global marine diversity. Quantifying this threat is particularly
difficult and complex, especially when evaluating multiple species with different ecological requirements.
Here, we examine the semi-enclosed basin of the Mediterranean Sea where the inputs of plastic pollution and
its impact on marine diversity are still widely unknown. Eighty-four species from six taxonomic classes were
evaluated to assess the risk of ingesting plasticmarine debris, integrating inter-specific factors such as plastic ex-
posure rates and life history traits (e.g., motility, habitat, and body size). Species were modelled within a spatial
context to identify and estimate their exposure to plastic ingestion across theMediterranean Sea using literature
data, species distribution maps and plastic dispersion models. Our approach identified hotspots for the risk of
plastic ingestion across multiple taxa in the Mediterranean Sea, highlighting that coastal species are at higher
risk of ingesting plastic in themarine environment than open-sea species. The plastic exposure analysis indicated
that species with larger home ranges were more at risk of exposure with increased distances while local species
were more likely to be exposed to plastic closer to the centre of their home range location. The approach used in
this study can be applied to support management and mitigation efforts throughout the Mediterranean Sea and
in other geographic regions to minimize the impact of plastic pollution on marine diversity.
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1. Introduction

Plastic pollution is a major threat to marine and terrestrial ecosys-
tems globally (Derraik, 2002). Worldwide, it is estimated that between
4 and 12 million tonnes of plastic enters the world's oceans annually,
primarily from coastal inputs (Boucher and Friot, 2017; Jambeck et al.,
2015; Neufeld et al., 2016). Marine plastic has become a growing global
concern with regional and local governments, communities and stake-
holders instituting measures to minimize its impacts on marine and
coastal communities. In recent years, these concerns have led to an in-
crease in studies highlighting the need for unifying research and action
to better understand, evaluate and manage the mechanisms by which
plastic waste enters the marine environment (Jambeck et al., 2015;
Jeftic et al., 2009).

The high volume of plastic pollution reported in the oceans has
raised concerns about the potential for widespread impact on marine
flora and fauna. Over the past several decades, laboratory and field re-
search into the effects of plastic exposure on marine species across the
globe has increased (Gall and Thompson, 2015). Plastic pollution has
been shown to result in ingestion of plastic materials bymarine species,
entanglement which can cause direct and indirect harm or death in ad-
dition to colonization leading to themovement of alien species (Alomar
and Deudero, 2017; Rodríguez et al., 2013; Taylor et al., 2016). Globally,
plastic ingestion has been reported in the gastrointestinal tracts of ma-
rine species, from deep sea invertebrates to large mammals, and across
different habitats, including demersal and pelagic habitats (de
Stephanis et al., 2013; Lusher et al., 2013; Taylor et al., 2016). Some of
the principal sources of marine litter are coastal zones, river emissions
and lost or discarded fishing gear (Löhr et al., 2017). The impact of plas-
tic pollution is far-reaching in marine ecosystems and identifying areas
of high risk is an essential step, especially as amanagement tool towards
reducing these impacts. Global predictions on the impact of plastic pol-
lution to different species of seabirds and sea turtles indicate that the
risk extends well beyond the affected locations to the high seas
(Schuyler et al., 2016; Wilcox et al., 2015).

Although marine plastic is a global issue, the Mediterranean Sea has
been identified as one of the most polluted areas. Recent models have
estimated between 3.2 × 1012–28.2 × 1012 small plastic particles float-
ing on the sea surface from data collected using neuston nets during
sea surface trawls (van Sebille et al., 2015). Overall, between 873 and
2576 t of plastic debris is estimated to be floating on the sea surface
(Suaria et al., 2016). This is concerning because the Mediterranean Sea
is a hotspot for marine diversity and harbours an estimated 4% to 18%
of the world's marine species (Bianchi and Morri, 2000). There is a
high level of endemism, with over 600 of the marine species in the
basin being vertebrates (Bianchi and Morri, 2000). Human activities
are the principal threat to biodiversity loss in theMediterranean Sea be-
cause they lead to overexploitation ofmarine resources, habitat loss and
pollution. Spatial patterns of biodiversity through time demonstrate an
overall decrease in species richness throughout the basin (Coll et al.,
2010). Plastic pollution has been identified as a threat to marine diver-
sity through location and species-specific surveys; however, there is still
a lot of uncertainty about the location of hotspot areas and howmuch of
the marine community is threatened (Deudero and Alomar, 2015). Al-
though these risks have been quantified at the global scale for several
species, such as in sea turtles and seabirds (Schuyler et al., 2016;
Wilcox et al., 2015), it is necessary to quantify the risk at the regional
scales across multiple species, incorporating factors such as home
range and life history traits of the region. To factor in the variation in
motilities across multiple species, it is important to consider home
range as it gives an indication of the likelihood of where a species
might be found any given time to consider the variation in motilities
acrossmultiple species. In addition, it is essential to includemarine spe-
cies occupying similar ecological niches at a finer spatial resolution for a
better evaluation of the overall impact of plastic pollution on themarine
community.
Risk assessment of the Mediterranean basin for plastic pollution will
provide the data necessary for highlighting the species under threat and
identifying hotspot risk areas (Dawson et al., 2011; Fossi et al., 2017). In
this study, we combined numerical sea surface plastic estimations and
species distributionmapswith observed plastic ingestion frompublished
and unpublished literature to evaluate which species are most under
threat and to identify the location of hotspot risk areas are for amultitude
of species (Dawson et al., 2011; Fossi et al., 2017). By including species
with different ecological histories, it was necessary to incorporate each
species' home range to account for differences in where and how species
move. In addition to the home range, life history traits were integrated to
determine exposure and predict the risk of ingestion of plastic to marine
fauna in the Mediterranean Sea. The risk assessment was developed to
a) model the exposure of species using local and regional home ranges,
b) predict ingestion risk across species and c) evaluate the threat posed
by plastic pollution to marine diversity in the region.

2. Methods

2.1. Plastic ingestion literature review

We compiled research articles onmarine plastic ingestion through a
search in three major scientific databases: Scopus, ISI Web of Knowl-
edge, and Google Scholar. We used key research terms reported in
Deudero and Alomar, 2015 to search for documents published from
1986 to 2017. The search returned 26 documents comprising scientific
articles, PhD theses and grey literature, from which we extracted data
on the ingestion of plastic litter in the Mediterranean Sea (see Supple-
mentary material S5 and S6). We collected information on the ecologi-
cal and life history traits of each species identified in our literature
review and incorporated into the models the following parameters
identified from the review: geographic location, motility (home
range), body size, habitat, taxa classes and study focus.

For each species-study observation, the geographic coordinates
were considered individually. This resulted in a data point for each spe-
cies and the study location. However, not all study-species observations
were geo-referenced and their locations were estimated based on the
study location provided in the literature as a proxy. Given the variability
of home ranges, motility was defined as a proxy for the home range for
each species by assigning each distribution range as local (capable of
local movement) or regional (regional/basin-scale movement). For in-
stance, the small pelagic fish bogue (Boops boops) was considered to
have local motility, while the swordfish (Xiphias gladius) was consid-
ered to have regional motility (see Supplementary material S1a and
S1c). For body size, themean total length (mm)was recordedwhenever
available from the literature. If the total length was not reported in the
study, the common length reported from either Fishbase (www.
fishbase.org) or FAO (www.fao.org) was included. Species were catego-
rized as either of two habitats, pelagic or demersal, to cover the range of
predominant habitat. Feeding is an ecological habitat function associ-
ated with the use of feeding grounds or at least the presence of adults;
thus, the feeding habitat most associated with adults for each species
was assigned (Seitz et al., 2013). Due to the wide range of species in-
volved in this study and the limitations with respect to replication
within taxa, we modelled the ecological differences among study spe-
cies at the class level. Finally, to give an indication of objectivity from
the studies included in the literature review, a study focus categorized
by the binary yes/no was assigned to each study depending onwhether
the principal objectives of the studywere to determine plastic ingestion
or whether plastic was identified during a general diet analysis while
examining the gut contents.

2.2. Species distribution

Species native distribution maps from AquaMaps (http://www.
aquamaps.org/, accessed on November 16th, 2016), were used to assess

http://www.fishbase.org
http://www.fishbase.org
http://www.fao.org
http://www.aquamaps.org/
http://www.aquamaps.org/


Table 1
Results from the generalized additive model (GAM) exposure models of ingestion rates of
plastic pollution using weighted and non-weighted means and medians across the Medi-
terranean Sea.

Weighting Exposure model Metric AIC

Yes Probability Median 1348.4
Yes Probability Mean 1376.1
Yes Binary Median 1445.3
Yes Binary Mean 1462.4
No Probability Median 1678.9
No Probability Mean 1679.7
No Binary Median 1672.7
No Binary Mean 1679.7

190 M. Compa et al. / Science of the Total Environment 678 (2019) 188–196
the relative probability of occurrence of each of the selectedmarine spe-
cies at different locations in the Mediterranean Sea (Kaschner et al.,
2013). The native range maps of species distributions were generated
using occurrence data on the distribution and habitat usage of a species
which included parameters such as depth range, temperature, salinity
and geographic range limit. If more than one model prediction was
available for the native range map, the latest computer-generated
model including the newest available data was selected. For this
study, two distribution range maps were used. The first type of species
distribution was a binary range where populations are considered ho-
mogeneous across their range with a cell value of one if present and a
cell value of zero if absent (see Supplementary material S1a and S1c).
The binary range model was estimated by using the probability species
range from the occurrencemap as amask and assigning the value of one
wherever occurrence probability was greater than zero (binary range).
The second species distribution considered was the probability occur-
rence range, selected to give an indication of species heterogeneity
across the range. For these ranges, each cell value indicates the probabil-
ity of species occurrence across their range (probability range) (see Sup-
plementary material S1b and S1d).

2.3. Numerical plastic model

Recent numerical modelling of plastic litter distribution has given an
insight into the global magnitude of floating plastics in the world's
oceans (van Sebille et al., 2015). A comparison was made between
three independent models for plastic circulation in the Mediterranean
Sea: the Lebreton (Lebreton et al., 2012), Maximenko (Maximenko
et al., 2012) and van Sebille (van Sebille et al., 2015) models. The most
parsimonious numerical model was the Lebreton 2012 model. The sur-
facemodelling of the Lebreton model is a probability prediction of plas-
tic litter on a 0.2° × 0.2° grid using realistic input scenarios of
anthropogenicmaterial and ocean circulation to simulate 30 years of lit-
ter transport and accumulationwithin theMediterranean Sea (Lebreton
et al., 2012) (see Supplementary material S2). For these reasons, this
plastic accumulationmodelwas used to calculate the exposure of plastic
litter to Mediterranean marine diversity.

2.4. Modelling plastic exposure

Two principal approaches were used to estimate the exposure of
species to plastic pollution. First, to estimate an encounter rate with
plastic pollution across each species' native range, we applied similar
methodologies used in previous risk assessments for seabirds and ma-
rine turtles (Schuyler et al., 2016;Wilcox et al., 2015). Thefirst approach
used species distribution range, either binary (presence/absence) or
probability (species abundance), as a measure of species abundance.
The binary exposure model estimated the exposure of marine plastic
within the distribution range of each species bymultiplying the numer-
ical plastic model by the binary range. The probability exposure model,
on the other hand, multiplies the numerical plastic model with the spe-
cies' probability range for each of the species, while considering the
probability of species presence. These are the non-weighted exposure
models and consider exposure across the entire distribution range of a
species without considering plastic distance within a species' home
range location. The second approach was to use a distance weighting
over each range of the species' distribution to estimate density expo-
sure, considering whether species were more likely to encounter ma-
rine plastic closer to their core home range based on their sampling
location. For each weighted scenario (binary distribution and probabil-
ity distribution), the median and mean density of plastic litter was esti-
mated using a great-circle distance matrix in log base 2 scale for each
species-study location within a 250 km radius distance constraint (see
Supplementary material S3). This 250 km radius weighting was used
as a proxy for inverse distance weighting, allowing plastic pollution
near the species-study observation to have more weight than plastic
pollution further away. For each scenario, two metrics, mean and me-
dian, were calculated for each approach and the combination of
weighted andnon-weightedmodels (Wilcox et al., 2015). The summary
of the eight possible exposure models is presented in Table 1, including
the sample weighting, exposure model and metric.

To determine which of the weighted and non-weighted exposure
models were best-fit to explain plastic exposure, a generalized additive
model (GAM) with a binomial distribution was used to estimate each
range scenario; the occurrence of ingestion for each species-study ob-
servation was the response variable. Models were tested for goodness
of fit and the most parsimonious model was chosen using the Akaiki's
Information Criteria (AIC), which is commonly used to determine the
best-fit model (Burnham and Anderson, 2003).

2.5. Estimating ingestion probability

A key uncertainty in estimating the ingestion risk for species is iden-
tifying the feeding area. This area determines a species' exposure to
plastic. Since this is generally unreported (only the study location or
sampling location is usually reported), we estimated the relevant area
of exposure using a signal regression approach. A signal regression al-
lows the estimation of a function within the context of a linear model
term, as opposed to a single coefficient, thus allowing for dependence
on the predictor functions (Leathwick et al., 2006). In this application,
we calculated the median density of plastic in bands of increasing ra-
dius, radiating outward from study location. We then estimated a func-
tion that provides a weighting for each band when calculating the
relationship between plastic density and ingestion probability. This
function estimates the relative importance of plastic exposure at in-
creasing distances from the study locations, based on the observed per-
cent ingestion from the studieswe collected. Finally, an interaction term
was included between motility class and the signal regression term to
allow organisms with different levels of motility to have differing dis-
tance weighting functions for plastic pollution. A generalized additive
model (GAM)with a binomial distribution (using a signal regression ap-
proach with linear functional terms for motility) was applied to predict
the risk of plastic exposure. The result is the following full model:

g muið Þ � s1 sum j Li j ƒ xij
� �� �þ s2 sum j Li j ƒ zij

� �� �þ s3 body sizeð Þ
þ habitatþ classþ study focus

where dependent g(mui) is the response variable the rate of occurrence
of ingested plastics for each species-study combination. The g(mui) de-
pends on the linear function of the matrix densities of plastic litter for
regional species (xij) and local species (zij), and the fixed weight dis-
tance matrices from the best litter exposure model (Lij) of the sum of
the smooths across distances (serving as a proxy for species' motility
range). We compared sub-models within the full model given above
using the lowest AICc (Akaike Information Criterion corrected) to find
the most parsimonious model. Sub-models included body size (mm),
habitat, study focus and the taxa class. The best-fit from the binomial lo-
gistic regression model was then used to determine which covariates
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were significant in predicting litter ingestion. A starting model that in-
cluded all predictor variables was then simplified using a backward
stepwise procedure to remove terms making a non-significant contri-
bution (R Core Team, 2017). All statistical modelling was performed in
the R statistical language using the mgcv package (Leathwick et al.,
2006; Wood, 2007).

2.6. Mediterranean hotspots

The results from the best-fit model were predicted at each central-
ized cell location across the home range of each species to determine
hotspot areas where species are most at risk of ingesting marine plastic
from exposure, resulting in predicted risk exposures to plastic pollution
at species levels. The prediction cell values were then summed up for
each species to determine the risk of species ingesting plastic based on
their taxonomical level. Finally, a global risk model was calculated by
summing up the cell values for each of the 84 considered species from
the results of the predicted ingestion risk to determine a global risk of
plastic litter ingestion across the Mediterranean Sea.

3. Results

A total of 143 species-study combinations were identified from 84
species from the 26 studies in the literature review (Fig. 1A). Regional
motility was reported in thirty-two species-study combinations and
local motility (the movement within the home range) was reported
for 111 species. Studies on seafloor species (demersal) were predomi-
nant at 62.9%, followed by 37.1% for pelagic species. The most species-
study observations were the Class Actinopterygii, which were reported
in 74.8% of the studies, while the least species-study observations were
the for the Class Cephalopoda, reported in only 2.1% of the studies
Fig. 1. Spatial distribution of species diversity from the literature review: A) each cell is the sum
each taxon class for each habitat type, demersal (green) and pelagic (blue), B) the range of body
total of 143 species-study observations from 84 species were considered.
(Fig. 1B). Body size (by class) ranged from0.10±0.70m (Malacostraca)
to 9.05± 7.44m (Mammalia) (Fig. 1C). Finally, nearly two thirds (65%)
of the published studies were specifically looking for plastic ingestion.
The literature review for plastic ingestion identified several studies
where plastic was found during diet studies or necropsies, although it
was not the primary objective of the original study. To consider the po-
tential bias from plastic identified in the literature, study focus was in-
cluded as a factor.

3.1. Modelling plastic exposure

A total of eight exposuremodelswere calculated to determinewhich
model best explained the exposure of each species to the plastic debris
fields. The weighted median density of plastic debris within a 250 km
buffer, considering the motility of each species, was found to be the
best-fit predictor for modelling plastic exposure, identified by the low-
est Akaike Information Criterion (AICc = 1348.4). This explains14% of
the deviance in the regression model (Table 1). Results from the partial
effects for the smooths for each of the exposure scenarios are shown in
Fig. 2. The plastic exposure analysis indicated that species with larger
home ranges were more at risk of exposure with increased distances
(GAM, p b 0.001) while local species were more likely to be exposed
to plastic closer to the centre of their home range location (GAM, p b

0.001) (Fig. 2C andD). These results provided the baseline for predicting
the ingestion risk when the plastic exposure across each of the species'
distribution range is incorporated.

3.2. Predicting ingestion risk

All life history traits were incorporated into the most parsimonious
plastic exposure model. The best-fit model incorporated the baseline
of the number of species found in that area. Summary of the species-study observations for
sizes for each species-study observation by taxa classes represented on a log scale and C) a



Fig. 2. Partial effect results fromeachof the generalized additivemodels for estimating plastic exposure by incorporating species'motility for probabilitymean (A,B), probabilitymedian (C,
D), binary mean (E,F) and binary median (G,H). Regional motility corresponds to offshore home ranges and local motility for species with coastal home ranges.

Table 3
Results from the best-fit generalized additive model incorporating the effects for the life
history traits (habitat, taxonomic class and study focus) and the smooth terms formotility
and body size.
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exposure model, along with the terms for motility, body size, habitat,
taxa classes and study (GAM, AICc = 934.8). This model explained
51% of the deviance in the ingestion data obtained from the literature
(Table 2). Species observed to have local motility ranges were signifi-
cantly more at risk of ingesting plastic where plastic loads were locally
high (n=111, p b 0.001). Similar resultswere found for specieswith re-
gional motility ranges, where the more motile species were at a higher
risk of ingesting plastic found further away from their location within
their home range (n = 32, p b 0.05) (Table 3). In addition, the pelagic
habitat was significantly different from the demersal species (GAM, p
b 0.05) and all classes of species differed significantly from one another
except for species from the class Cephalopoda (Table 3).

The most parsimonious exposure model incorporated all life history
traits and was used to predict the risk of ingestion across the distribu-
tion ranges for each of the 84 species in the Mediterranean Sea on a
0.2° × 0.2° spatial grid. Predictions of the risk of ingesting plastic pollu-
tion across the region at each grid cell ranged from 0.7 to 53.1 for the
species with a median value of 10.1 species and a mean of 14.7 species
(Fig. 3A). Although these areas did not overlap with the areas of high
Table 2
Model parameters from the best-fit GAMbinomialmodel for the following: Base (includes
regional and local motility), habitat, body size, class, and study focus. Models were ranked
by AICc.

Model AICc

Base + habitat + body size + taxonomic class + study focus 934.8
Base + body size + taxonomic class + study focus 936.4
Base + habitat + body size + taxonomic class 1000.7
Base + taxonomic class 1101.8
Base + habitat + body size 1279.8
Base + habitat + body size + study focus 1282.1
Base + body size 1289.1
Base + habitat 1334.8
Base + study focus 1347.9
Null 1677.8
concentrations of plastic pollution, they did coincide with areas of
high species diversity, especially in the coastal regions. High-risk areas
were located in both the eastern and westernMediterranean Sea, espe-
cially along the Spanish Mediterranean Coast and northern African
coastline (Fig. 3B and C).

The probability predictions for each class, which ranged from0 to 1.0
(rescaled), indicated thatmostfish species from the class Actinopterygii
had aminimumprobability of 0.001 and amaximumprobability of 0.40
of ingesting plastic pollution. For some species such as those in the Class
Chondrichthyes, the expected probability of species ingesting plastic
varied from 0.007 to 0.69. Classes such as Mammalia, also had similar
ranges from 0.08 to 0.67 but with a higher median probability of 0.28
(Fig. 4A and E). It is important to note that although the overall number
of mammal and reptile species within the Mediterranean Sea is low
(Otero and Conigliaro, 2012), results indicate a high probability of
Model parameters Estimate (Std. Error) z value Pr(N|z|)

(Intercept) −90.76 −17.6 5.13 2.51E-07 ⁎⁎⁎

Pelagic Habitat −0.28 −0.13 2.11 0.035 ⁎

Cephalopoda class −0.01 −1.26 0.003 0.9974
Chondricthyes class 1.66 −0.2 −8.25 b2e-16 ⁎⁎⁎

Malacostraca class −1.27 −0.6 2.1 0.0355 ⁎

Mammalia class 1492.06 −298.66 −5 5.86E-07 ⁎⁎⁎

Reptilia class 3.99 −0.21 −18.21 b2e-16 ⁎⁎⁎

Study focus yes −0.88 −0.1 8.13 4.16E-16 ⁎⁎⁎

Smooth coefficients edf Chi.sq p.value
Regional 2 9.03 0.011 ⁎

Local 2.84 144.4 b2e-16 ⁎⁎⁎

Body size (cm) 8.96 153.42 b2e-16 ⁎⁎⁎

⁎p b 0.05.
⁎⁎p b 0.01.
⁎⁎⁎p b 0.001.



Fig. 3. Overall risk of predicted plastic ingestion across the Mediterranean Sea for the 84 species modelled based on the best-fit GAMmodel incorporatingmotility, habitat, body size and
class (A). Red indicates high-risk areas and blue areas of low-risk of plastic ingestion in the marine diversity. Hotspot areas of plastic ingestion risk of the marine diversity for: B) coastal
areas of the Strait of Gibraltar and surrounding countries, C) the Pelagos Sanctuary and the northern coast of Africa, D) Aegean Sea and E) the northern coastal areas of the south-eastern
Mediterranean Sea.
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ingesting plasticmarine debris throughout their range. For example, the
probability of ingesting marine plastic for the sea turtle species Carretta
carretta ranged between 0.34 and 0.46 and is quite uniform across its
range (Fig. 4C).

Observations in pelagic habitats significantly differed from demersal
habitats (GAM, p b 0.05), with demersal speciemore likely to ingestma-
rine plastic. The number of study-species at risk of plastic ingestion in
pelagic habitats ranged from 0.6 to 4.9 species with a probability of in-
gestion between 0.001 and 0.50. A higher number of species
(0.06–14.2) were at risk in demersal habitats with a probability of in-
gestion similar to pelagic species (from 0.001 to 0.49) (Fig. 5B). Not
Fig. 4.Risk hotspots of plastic ingestion by taxonomic class: A) Actinopterygii (n=64), B) Chon
F) Cephalopoda (n=3). For each species, the risk of ingestion for each class was stacked and ea
risk areas are in red.
only were differences found between habitats and size significant, but
also classes were significantly different from the reference class
Actinopterygii (ordered alphabetically), except for the class
Cephalopoda (Table 3). Our analysis identified a significant relationship
with body size (GAM, p b 0.001), indicating that those species with
larger body sizes were at higher risk of ingesting higher amounts of
plastic pollution (Table 3). Finally, significant differences were found
between the studies with a focus was on plastic debris and studies
whose focus was not on the identification of plastic ingestion (GAM, p
b 0.001). Studies that were focused on debris ingestion reported its oc-
currence more frequently than studies that were not focused on plastic
dricthyes (n=3), C) Reptilia (n=1), D)Malacostraca (n=3), E)Mammalia (n=7), and
ch cell was scaled from 0 to 1 to identify hotspot areas. Low-risk areas are in blue and high-



Fig. 5. The risk of ingestion (0–1) of plastic marine debris for the terms: A) species class, B) habitat (pelagic and demersal) and C) study focus.

194 M. Compa et al. / Science of the Total Environment 678 (2019) 188–196
debris ingestion (Fig. 5C). Overall, coastal marine species rather than
offshore species were at the highest risk of encountering plastic pollu-
tion, while species with regional home ranges were found to be at re-
duced risk of plastic ingestion.

4. Discussion

Applying a risk framework to evaluate exposure to plastic pollution
using a multi-species approach incorporating home range, ecology and
life history traits is a challenging yet significant improvement to risk as-
sessment modelling of plastic ingestion in the marine environment. Spe-
cies and their locations cannot be considered in isolation; instead studies
should approach multiple species occupying the same areas at the same
time. Previous studies have investigated single taxonomic groups at a
large scale, but this is the first study to evaluate a large suite of species
with different life forms, motilities, body sizes and other traits within an
entire sea basin (Schuyler et al., 2016; Wilcox et al., 2015).

We were able to explain, in a single analysis, over half of the varia-
tion in plastic exposure by using a signal regressionmodel that incorpo-
rated differences in their home range across a wide range of species
from several different taxonomic classes with different ecological back-
grounds. With this approach we found that species with low motilities
or smaller home ranges are more likely to encounter and be exposed
to plastic closer to their core home rangewhile species with greater (re-
gional) motilities and larger home ranges have a greater area over
which they might encounter debris, hence they may be more likely to
do so. This suggests that, depending on local plastic concentrations
and species motilities within their home range, ‘risk hotspots’ may be
larger than one might expect. In addition to including species' home
range, it was important to consider the probability of finding a species
within a given location as it would provide a proxy for the abundance
of the species, rather than only considering the presence/absence of
the species. This is useful for quantifying exposure since the locations
where species with plastic ingestion were reported may not necessarily
be representative of their area; however, the overlap in diversity would
compensate for this, allowingus to identify hotspot areas that otherwise
might be missed. Moreover, including a weighted distance buffer for
each study-species observation improved the specificity for predictions
of location and species, thus allowing the model to consider the envi-
ronment and debris fields directly adjacent to the distribution range
and density of the study species, thereby estimating their risk of expo-
sure to plastic pollution.

Life history traits of the studied species significantly improved the
predictive power of the risk assessment model. In addition to species
motilities and their probability of occurrence, taxonomic classification
was an important factor in predicting plastic ingestion. Species from
the classes Actinopterygii, Chondrichthyes, Mammalia, and Reptilia
were found to be at high risk of ingesting plastic. For example, the log-
gerhead turtle (Caretta caretta) showed a mean predicted probability
of plastic ingestion of 0.40 across the entire region, consistent with pre-
vious studies that have documented plastic ingestion by loggerheads
(Camedda et al., 2014; Schuyler et al., 2016). No significant differences
were found within the class Cephalopoda, which may be attributed to
their active predation (as plastics could be transferred through their
prey), high metabolism and relatively short life cycle (Llpiński, 1998).
As observed elsewhere (Wilcox et al., 2015), body size was a leading
factor for predicting ingestion where the gut volume was directly re-
lated to the amount of plastic remaining and accumulating in the stom-
ach contents of species over time. Moreover, by including body size as a
factor, we are implicitly include the size of plastic items into the model
as previous studies have found that there is a relationship between the
number of items a species can ingest; for example, larger species ingest
more items and viceversa (Wilcox et al., 2018, 2015). Although studies
have identified size, weight and volume of ingested plastic marine de-
bris, there is still a great amount of uncertainty as to the residency
time of plastic in the stomach contents or the potential sub-lethal im-
pacts of ingesting plastic (Hoarau et al., 2014). Additionally, species' pe-
lagic and demersal habitats also contributed to their risk of ingesting
marine plastic, confirming results from a previous study (Reisser et al.,
2014). Based on habitat type, demersal species were at a higher risk of
ingesting marine plastic than pelagic species. This is in accordance
with the high impact index for marine litter ingestion assigned to spe-
cies living in the demersal compartment (48%) compared to those in pe-
lagic habitats (43%) (Fossi et al., 2017). Overall, the results of this study
are in agreement with similar risk assessments (Pennino et al., 2017;
Schuyler et al., 2016; Wilcox et al., 2015). By combining percentage in-
gestion and life history traits, we sucessfully predicted ingestion across
species' distribution ranges.

In the present work we provide a regional risk model across the
Mediterranean Sea highlighting areas of concern by quantifying where
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high species diversity and high plastic densities overlap. A key finding
throughout the region is that species in coastal areas are at a higher
risk of ingesting plastic pollution, providing further evidence of the im-
pacts of a single stressor in coastal areas. This is similar to findings from
previous studies evaluating cumulative impacts on coastal biodiversity
(Coll et al., 2010). For example, we identified areas of high plastic con-
centration where the overall risk of plastic ingestion was high, particu-
larly along the Spanish western Mediterranean coast and the Alboran
and Balearic Sea (Fig. 3B). These areas have large coastal populations
and dense maritime traffic moving throughout the area and the Strait
of Gibraltar, both of which have been identified as major contributors
to marine plastic. Coastal areas are already known hotspot areas for cu-
mulative anthropogenic impacts (Halpern, 2008; Halpern et al., 2007)
affecting global marine ecosystems. In other areas in theMediterranean
Sea, high risk of ingestion was identified in the Pelagos Sanctuary in the
NW Mediterranean, which is an important feeding and breeding area
for Physeter macrocephalus (Fig. 3C) (Camedda et al., 2014; Fossi et al.,
2017), and in the Aegean Sea (Fig. 3D). Both areas have been found to
be hotspot regions for plastic ingestion as well as spatial overlap
where high concentrations of plastic pollution are present. A recent
study in the Adriatic found that plastic particles stay afloat for an aver-
age of 47 days, movingwith the currents and remainingwithin local ac-
cumulating zones or gyres (Carlson et al., 2017). This is especially
concerning as it shows that plastic can be transported long distances
in a short time and species within Marine Protected Areas are at risk
of ingesting plastic despite minimal direct contact with anthropogenic
sources. These concerns have been reflected at the basin scale where
species such as Caretta caretta, Thunnus thynnus and Physeter
macrocephalus have been selected as bioindicator species for monitor-
ing for macrolitter (Fossi et al., 2017). These species have a wide home
range and results from this study have demonstrated that they are at a
high risk of ingesting plastic pollution. In addition to protected areas,
our results also allow us to make predictions for areas where there is
currently a lack of data on the impacts of plastic debris such as the
south-eastern Mediterranean coastline (Fig. 3E). Coincidently, these
are also areas where coastal biodiversity in decreasing longitudinally
considering current gaps in our knowledge on marine organisms
along the southern and eastern coastal regions (Coll et al., 2010).

These results highlight the potential risk plastic has on the communi-
ties of local and regional species, especially in populated coastal areas
where high loads of plastic can enter the marine environment,
buttressing the need formanagement efforts in coastal areas tominimize
human-driven impacts on coastal marine diversity (Jambeck et al., 2015;
Liubartseva et al., 2018). Our results further indicate thatmarine diversity
in coastal ecosystems is at high risk of ingestingmarine plastic, regardless
of the species. This is in agreement with studies identifying hotspot areas
for the biodiversity of special conservation concern, especially for the
Western Mediterranean Sea (Coll et al., 2010). Furthermore, fish species
represented the majority of species with relatively high exposure rates.
We acknowledge that improvements could be made, such as increasing
sampling efforts in some under-studied parts of the Mediterranean Sea,
the inclusion of ingestion in dietary studies, and the standardization of
samplingmethodologieswould also helpwith interpretation across stud-
ies, taxa, and regions. Althoughwewere able to substantially improve the
modelling risk by including species' home range, other life history traits
such as feeding strategy would further improve the identification of the
risk of ingestion. In addition, the incorporation of a temporal component,
which may be particularly useful for analysing seasonal trends and pat-
terns of plastic ingestion.

Despite the predictive power of the analysis, there is still a great deal
of uncertainty in estimating plastic exposure, especially prior to incor-
porating life history traits. Our model only explained 14% of the varia-
tion. The uncertainty attributed to plastic exposure can come from
several sources, in particular, from sampling bias in ingestion studies.
Compared to commercially important species where samples are
more easily acquired, the uncertainty is higher, for key species that
have smaller or declining populations where sampling for ingestion is
difficult and is often performed during necropsies when a death occurs.
In addition, there is also a certain amount of bias reporting among spe-
cies and ingestion locations, where several areas within the Mediterra-
nean Sea have little or no report or evidence of plastic ingestion.
Another area of uncertainty concerns the amount of marine debris en-
tering the marine environment at any given time, what happens to it
and how much ends up in the stomachs of marine organisms (Gall
and Thompson, 2015).

Spatial risk assessments are essential as management decisions are
often contextualized and consider several factors to determine cumula-
tive impacts. Although in this context we only consider one type of risk,
plastic exposure, we also consider the risk for multiple species occupying
a specific area. Using a risk framework to determine the risk ofmarine di-
versity to plastic pollution is valuable for understanding the overall threat
plastic pollution poses tomarine fauna, especially sincemost biodiversity
regulations focus on the population or species level without connecting
to the organizational level (Hardesty and Wilcox, 2017). A previous
study integrating a spatially explicit risk assessment for several marine
mammals in the Pelagos Sanctuary successfully identified hotspot areas
that overlapped with areas of intense marine traffic (Pennino et al.,
2017). Consequently, the development of ecological assessment tools,
similar to this assessment risk analysis, can have important implications
for the conservation and management of vulnerable marine species,
such as the Caretta caretta and Physeter macrocephalus, at the basin scale.

Ecological links bond species with different feeding strategies; thus
evaluating plastic ingestion in species that overlap spatially and tempo-
rally provides data that is extremely useful for makingmanagement de-
cisions that consider the several factors linked to cumulative impacts.
Even though it has been seen that some human-derived stressors (nu-
trient pollution, organic and inorganic pollution, coastal human pollu-
tion, light pollution, commercial and artisanal fishing, sea surface
temperature anomalies, UV radiation anomalies, ocean acidification,
sea level rise, oil rigs, invasive species, shipping and pollution fromcom-
mercial shipping and fromports) show signs of decreasing their individ-
ual impact on the oceans, cumulative impacts of these stressors area
generally increasing in coastal areas where human uses of the ocean
are greatest (Halpern et al., 2015).Many of these stressors are better un-
derstood than plastic pollution, and are key priorities for short-term
conservation interventions (Avery-gomm et al., 2018). Likewise, evalu-
ating the risk of plastic ingestion is extremely important at the basin
levelwhere there is a need formanagement decisions to be harmonized
between coastal Mediterranean countries, providing a tool for
policymakers and researchers in those areas to determine where re-
sources may best be allocated.

5. Conclusions

Plastic pollution is widespread and impacts marine diversity across
the Mediterranean Sea. Due to the alarming concentrations of plastic
in the marine environment, new modelling approaches are needed to
identify which species are at risk and where. The modelling approach
adopted in this study allowed for the evaluation of complex ecological
systems to map out plastic ingestion hotspot areas, thus providing an
adaptive approach for identifying species and geographic regions of
high concern. Furthermore, the conceptual framework used in this
study can be expanded to other regions in the world and to other ma-
rine species. Overall, findings from this work provide the foundation
formonitoring andmitigating the impacts of plastic pollution onmarine
ecosystems in the Mediterranean Sea which can be extrapolated to
other regions for future risk frameworks.
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