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The Mediterranean Sea has been described as one of the most affected areas by marine litter in the world. Although microplastics and their effects have been
investigated in this area, most of the currently available studies have been limited to the northwestern part of the basin. This study constitutes a first attempt to
determine the abundance, characteristics and composition of microplastics in near surface waters of the Gulf of Gabes (southern Mediterranean Sea, Tunisia).
Samples were collected using a 200 pm-mesh size trawl net along two transects. The study revealed an average concentration of 63,739 items/km? where
fragments and films were the most frequent microplastics. Polyethylene, reformulated polyethylene and polypropylene were the most abun-dant plastics
identified among the samples (86-100%). The influence of hydrodynamics on microplastics in the Gulf of Gabes was investigated through the use of a Lagrangian
tracking model to simulate the dispersion of particles in water. Modelling results seem to be in agreement with the reported distribution and characteristics of

microplastics in this area.

1. Introduction

Because of their unique properties, plastic materials are used in a
wide range of application sectors and in our daily lives. As a result,
plastic yearly production has exceeded the 340 million tons mark
(PlasticsEurope, 2018). Although it exits a great variety of types, ap-
plications and life cycles for plastics, most of them are designed for a
short service time or single use applications, such as plastic bags, with
low value recovery and difficulty to degrade (Wang et al., 2016). The
sharp contrast between the remarkable durability of plastic materials
and their short service time has led to the accumulation of plastic wastes
in the environment. Plastics have been reported in the ocean, in lakes, in
rivers and even in aquatic and terrestrial animals due to ingestion
(Diimichen et al., 2017). In particular, marine plastic litter is estimated
to increase by one order of magnitude by 2025 when considering the
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level of expected future demand and discharges of plastics (Jambeck
et al., 2015). When plastics debris undergo environmental impacts like
sunlight, oxidizing atmosphere and mechanical stress, polymer degra-
dation occurs, yielding small polymer particles (Diimichen et al., 2017).

Microplastics (MPs), according to the National Oceanic and Atmo-
spheric Administration (NOAA), are plastic particles smaller than 5 mm
in size (Masura et al., 2015). MPs have either been intentionally man-
ufactured to be small (primary MPs) or have fragmented from larger
plastic items (secondary MPs) (UNEP, 2016). MP pollution in the marine
environment is the cause of several hazardous and ecologically
damaging effects. Owing to their small size, these particles are consid-
ered bioavailable to organisms throughout the food web (Galloway
et al., 2017). In the accumulation zones, their concentrations are in the
same range than zooplankton concentrations, thus increasing the risk of
ingestion by zooplankton predators (Collignon et al., 2012). In addition,
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toxic chemicals, such as bisphenol A, polycyclic aromatic hydrocarbons,
pesticides and polychlorinated biphenyls have been frequently found in
oceanic plastic debris (Hirai et al., 2011). These substances, added to
plastics during production or adsorbed from the environment, are an
environmental concern since they extend the degradation times of
plastic and may, in addition, leach out, introducing potentially haz-
ardous chemicals to the biota (Cole et al., 2011).

The first reports on MPs in surface waters already date back to the
early 1970s (Carpenter and Smith, 1972). At that time, these reports
have got little public impact. According to the results of 24 expeditions
(2007-2013) across all five sub-tropical gyres, coastal Australia, Bay of
Bengal and the Mediterranean Sea, almost 270,000 tons of plastic would
be currently floating in the oceans giving an estimation of a minimum of
5.25 trillion particles weighting 268,940 tons (Avio et al., 2017).

The Mediterranean Sea is a semi-enclosed basin subjected to
anthropogenic disturbances, especially along the coasts, and has been
recently proposed as one of the most impacted regions of the world with
regards to MPs (Cozar et al., 2015; Faure et al., 2015; Pedrotti et al.,
2016; Suaria et al., 2016). In recent years, many studies have been un-
dertaken to assess and better understand MP pollution in this area. High
amounts of plastic debris have been reported on the seafloor (Pham
et al., 2014) and surface waters of Mediterranean Sea (Collignon et al.,
2012; Suaria and Aliani, 2014; Ruiz-Orejon et al., 2016, 2018; Suaria
et al., 2016; Van der Hal et al., 2017; Schmidt et al., 2018).

Hydrodynamic conditions such as driving forces, winds and currents
influence the transport of MPs as well as their abundance, distribution
and weathering processes (Veerasingam et al., 2016). MP transportation
modelling should therefore be dependent upon necessary assumptions,
as well as the quality of hydrodynamic forcing data. Combined
hydrodynamic-Lagrangian transportation models, with different de-
grees of realism, have been recently proposed to forecast the transport
and distribution of floating debris in the Mediterranean Sea (Lebreton
et al., 2012; Eriksen et al., 2014; Mansui et al., 2015; Ourmieres et al.,
2018). Most of the currently available studies on the abundance of
floating micro-sized particles, either based on sampling/observations or
numerical simulations have, however, been limited to the northwestern
part of the Mediterranean basin.

The Gulf of Gabes (GG), located in the south-east of Tunisia, is
identified as one of the eleven consensus eco-regions within the Medi-
terranean Sea according to its physical, biogeochemical and biological
characteristics (Ayata et al., 2018). This shallow and phytoplankton
bloom area is strongly influenced by hydrodynamics, mainly driven by
tides and anticyclonic winds (see review by Béjaoui et al., 2019). Despite
the importance of the GG at the Mediterranean Basin level, to our
knowledge, no data about MPs in surface waters are currently available
in this region.

In this context, the objectives of the present study are 1) to investi-
gate, for the first time, the distribution and the physico-chemical char-
acteristics of MPs in surface waters of the GG, and 2) to assess the
potential influence of hydrodynamics on the MP distribution through
the use of a Lagrangian tracking model to simulate the dispersion of MP
particles in water. In a lesser extent, the potential impact of biological
activity is also examined. By providing the first data about MPs in sur-
face waters of the GG, it is expected that this study will contribute to MP
management in this area.

2. Materials and methods
2.1. Study area

The GG, located in the south-east of Tunisia in the southern Medi-
terranean Sea, is known for its high productivity and biodiversity (Ayata
et al., 2018; Béjaoui et al., 2019). However, due to the rapid urbaniza-
tion and industrialization of the shoreline, particularly in the northern
(Sfax city) and central parts (Gabes city) of the GG, the quality of the
marine environment has been deteriorating gradually (Darmoul, 1988;

Ayadi et al., 2014; Rabaoui et al., 2015; El Zrelli et al., 2017). In Gabes
city area, many untreated industrial and domestic wastewaters are
continuously discharged in the open sea from the industrial complex of
Ghannouch-Gabes and the local municipal wastewater treatment plant,
respectively (El Zrelli et al., 2018). While issues such as the degradation
of the ecological environment, red tides, and eutrophication have
received increasing attention, no data are available about MP pollution
in surface waters in this area.

The GG is characterized by a wide continental shelf, where the ba-
thymetry is shallower than 30 m for large stretches away from the coast.
Beneath its shallow waters, the GG bottoms are composed of extensive
sections of gently sloping continental shelves. Isobaths 50 m deep are
reached 110 km offshore, the isobath 70 m is nearly 140 km away from
the coastline, while depths of 200 m are not reached until 400 km from
the coast (Fig. 1).

2.2. Microplastic sampling and in situ measurements

MP sampling was conducted during the MERITE cruise from 30
October to November 3, 2017 onboard the vessel “Rahma”, in the central
part of the GG, off Ghannouch-Gabes industrial complex. Floating MP
samples were collected at 8 stations (Fig. 1) using a trawl net (0.6 m in
width x 0.2 m in height) mounted with a 200-pm mesh size. A flowmeter
equipment (HYDRO-BIOS) was fixed in the middle of the trawl frame.
The net was deployed from the side of the vessel and towed horizontally
under low swell conditions, at an average speed of 3.5 knots for 30-45
min for each sampling transect. The flowmeter allowed for the deter-
mination of the accurate covered distance, as well as the filtered
seawater volume, based on the covered distance and the trawl frame
surface. Starting GPS coordinates, covered distance, surface area and
filtered volume for each station are provided in Table 1. The net was
then lifted out and rinsed thoroughly from the outside using seawater to
concentrate all adhered particles into the cod-end. Collected samples
were sieved through a 200-ym mesh size stainless steel sieve and
transferred to 500-mL glass bottles and fixed with 70% ethanol. All
samples were stored at 4 °C until laboratory analyses.

Besides MP collection, in situ measurements of temperature and
salinity were performed with a 19plus conductivity temperature depth
(CTD) profiler (SeaBird Electronics Inc., SBE19plusV2 SN 6573).

2.3. Treatment and analysis of microplastic samples

In the laboratory, MP samples retained on the 200-pm mesh size
sieve were separated using steel tweezers and transferred to a glass
beaker using minimal rinsing with ultrapure (Milli-Q) water. Wet
peroxide oxidation procedure was conducted to remove the remaining
organic matter in the sample according to Zhang et al. (2017). Twenty
mL of aqueous 0.05 M Fe (II) solution (prepared by adding 7.5 g of
FeS04.7H,0 to 500 mL of water and 3 mL of concentrated sulfuric acid)
and 30% H0; solution were added to the beaker containing the 0.2-mm
size fraction of collected solids. The mixture was then heated on a 75 °C
hotplate for 30 min. The reaction was repeated until no natural organic
material is visible. Solids in the mixed solution were filtered through a
glass fiber filter (GF/F Whatman, 47-mm diameter, 0.7-pm pore size)
using a vacuum filtration system. Subsequently, the filter was placed in
clean Petri dish which was covered with tinfoil paper and allowed to dry
for further analysis.

Filters were analyzed under a stereomicroscope (Olympus BX 51) to
sort and measure MPs with a diameter less than 4 mm, while a ruler was
used to record the diameter of MPs with a greater diameter. Images of
MPs were taken with a camera attached to the stereomicroscope
(Olympus DP 70). Only particles with a diameter less than 5 mm were
taken into account while pieces with a greater diameter were excluded
from any further analysis.

The chemical composition of 463 plastic items was identified by
Fourier Transform Infrared Spectroscopy (FT-IR) spectra, using a FTIR
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Fig. 1. Map of the study area in the Gulf of Gabes (southern Mediterranean Sea, Tunisia). Dots and arrows indicate the position of stations and the directions of the

trawling net, respectively.

Table 1

Sampling information, and number and abundance of microplastics collected.

Station Starting coordinates Covered distance (m) Covered surface area (m?) Filtered volume (m®) Number of items Abundance (items km2)
1 33° 55.595' N 10° 07.063' E 3062.4 1837.4 367.5 134 72,928

2 33° 56.733' N 10° 08.876' E 4083.9 2450.3 490.1 274 111,821

3 33° 58.840' N 10° 12.666' E 4523.1 2713.9 542.8 178 65,589

4 33°59.930' N 10° 15.500' E 6473.4 3884.0 776.8 362 93,202

5 34° 01.767' N 10° 06.295' E 4776.6 2866.0 573.2 73 25,471

6 33° 58.840' N 10° 07.623' E 5429.4 3257.6 651.5 137 42,055

7 33° 56.100' N 10° 09.240' E 3571.5 2142.9 428.6 86 40,133

8 33° 54.277' N 10° 10.400' E 3917.4 2350.4 470.1 138 58,712

spectrometer (Nicolet iS50 FT-IR) using Attenuated Total Reflectance
(ATR) mode with 8 cm™! resolution and 16 scans. All spectra were
recorded in the absorbance mode in the 4000-600 cm™! region. The
contact between the analyzed sample and the diamond of the ATR
accessory was ensured by screwing a clamp device. Plastic items iden-
tified by FTIR were randomly selected.

2.4. Contamination prevention

To avoid contamination, several precautions were taken at each step
of MPs sampling, treatment and analysis. Only metal and glass equip-
ment was used. Samples were stored in glass containers, thoroughly
cleaned prior to use. During samples processing, cotton lab coats were
worn and the laboratory area was maintained clean. Air circulation was
kept to a minimum in order to avoid air-borne particles. Exposure of
samples to air was minimum and limited to transfer between containers,
which were kept covered during the rest of the time. Given the fact that
contamination during MPs sampling and processing consisted only of
the “fibers” coding group of MP litter, and no other groups of litter were
noted (Giiven et al., 2017), any fibers suspected of being of a textile
origin were excluded from the analysis. According to Cozar et al. (2015),
potential textile fibers can be detected thanks to their shape and

rigidness, ranging from hundreds of microns to centimeters in length
and from one to few tens of microns in width. Finally, the stereomi-
croscope and FTIR spectrometer were cleaned and inspected carefully
before use to prevent fiber contamination.

2.5. Hydrodynamics and microplastic transport modelling

The hydrodynamic model used in this study is based on the Regional
Oceanic Modelling System (ROMS, Haidvogel et al., 2008; http://m
yroms.org), a three-dimensional primitive equation, and finite differ-
ence hydrodynamic model. ROMS solves the primitive equations in an
earth-centered rotating environment. It is nonlinear with Boussinesq
and hydrostatic approximations and uses a terrain-following, ¢ co-
ordinates. The interaction of surface gravity waves and currents is
considered. The model area extends along 700 km of the Tunisian coast,
from Ras Kaboudia in the north (32.5°N) to the Tunisian- Libyan border
in the south (35.5°N) and from 10°E to 12.5°E (Fig. 1). The horizontal
grid resolution was chosen to be 1/96° (nearly 1 km) for a better rep-
resentation of the small-scale processes. Grid spacing in sigma co-
ordinates was used in the vertical with 25 levels. The bathymetry is
deduced from the Tunisian Ministry of Equipment database (MEHAT) in
shallow bathymetry (Othmani et al.,, 2017) and from Smith and



Sandwell topography (Smith and Sandwell, 1997) database in deeper
bathymetry by a bilinear interpolation of the depth data. At the conti-
nental boundaries, the bathymetry is set to 1 m. The daily mean values
of temperature, salinity, total velocity and elevation were transferred
from the coarse spaced grid of MED12 (Lebeaupin Brossier et al., 2013)
to the finely spaced grid of the ROMS open boundaries through an
off-line, one-way asynchronous nesting. In the framework of this study,
the model was forced by all the forcing likely to contribute to the hy-
drodynamics of the GG. The meteorological forcing used is from the
European Centre for Medium Range Weather Forecast (ECMWEF),
available from http://www.ecmwf.int, based on 6-hourly records has
been applied. It involves ERA-Interim project (1979-2018). The effects
of tides were taken into account. The model was initialized with the
temperature and salinity fields provided by the MEDATLAS monthly
climatology (MEDAR/MEDATLAS Group, 2002). The daily mean values
of temperature, salinity, total velocity and elevation were transferred
from the coarse spaced grid of MED12 (Lebeaupin Brossier et al., 2013)
to the finely spaced grid of the ROMS open boundaries through an
off-line, one-way asynchronous nesting.

To understand the role of hydrodynamics in the distribution of MPs
at the different stations, a 3D Lagrangian tracking model (ICHTHYOP;
Lett et al., 2008) was implemented to simulate the dispersion of MP
particles due to 3D currents. Ichthyop is a free Java tool designed to
study the effects of physical and biological factors on the ichthyo-
plankton dynamics. The same numerical approach has been successfully
applied to study the circulation and accumulation of floating litter in the
Mediterranean Sea (Macias et al., 2019) and in identifying distribution
and accumaltion patterns of floating marine debris in the Black Sea
(Miladinova et al., 2020).

The transport is calculated thanks to the movement equation reduced
to the horizontal advection which is constraint by the velocity field
previously obtained with the hydrodynamic ROMS model, Hence the MP
trajectories depend on the tide, on the wind effect on the water velocity,
on mesoscale current and also on water column thermohaline structure
but the Stocke drift induced by the wave effect is neglected. Indeed,
according to some previous studies (Kubota, 1994; Martinez et al., 2009;
Miladinova et al., 2020), the major role in marine debris accumulation is
played by surface currents. Moreover, Kubota (1994) found that Stokes
drift does not significantly contribute to debris transport. A buoyancy
force due to the difference between the particle and surrounding water
density was considered. Then, MPs were considered as passive surface
tracers. Under these hypothesis, a set of backward simulations where
1000 particles were advected backward in time was performed for three
months recording the GPS position of each particle every day. The de-
parture was set at the surface in each station and the studied area is the
one described by the hydrodynamics model. The aim is to determine
where water sampled came from and which route it followed.

2.6. Statistical analysis

Box-and-whisker plots, Mann-Whitney non-parametric tests (U test),
Spearman principal component analysis (PCA) and hierarchical ascen-
dant classification (HAC) applied on selected MP parameters were per-
formed using XLSTAT 2013.5.01 (Microsoft Excel add-in program). HAC
was used in order to find homogenous groups of individuals (stations)
within the dataset, with respect to selected variables. These groups (or
clusters) present a low within-variability and are different than others
(displaying high between-variability). The dissimilarity measurement
between clusters was based on Ward’s method, which uses squared
Euclidean distance. Variable values were centered and reduced before-
hand. The threshold of significance was set at p < 0.05. Colour maps of
CTD data were carried out using Ocean Data View (ODV) software
version 4.6.5 (Schlitzer, R., http://odv.awi.de, 2014). The spatial
interpolation/gridding of data was conducted using Data-Interpolating
Variational Analysis (DIVA) (Barth et al., 2010; Troupin et al., 2012).

3. Results
3.1. Description of Gulf of Gabes circulation

It is worth noting that the tidal range of the GG is the most important
of the whole Mediterranean Sea (up to 2 m in height) as reported by
previous studies (Tsimplis et al., 1995; Abdennadher and Boukthir,
2006; Sammari et al., 2006). Hence, the circulation is influenced by the
tide, by the wind and by the mesoscale current flowing along the
Tunisian continental shelf, namely the Atlantic Tunisian Current (ATC) a
permanent surface current with an Atlantic origin (Sorgente et al., 2003;
Boukthir et al., 2019).

One ATC branch invades the GG, particularly in winter, and recir-
culates anticyclonally, whereas the second branch continues flowing
southeastward as an important coastal current and becomes close to the
Libyan coast, giving rise to a strong coastal jet near the Libyan current
(Supporting Fig. 1a and b), which was identified as the Atlantic Libyan
Current (ALC) (Sorgente et al., 2011; Ben Ismail et al., 2015). Our model
results are in agreement with the scheme of surface circulation of
modified Atlantic water based on the altimetry data that has been pro-
posed by Jebri et al. (2016). Another important result of our model is the
current reversals between winter and summer along the south-east coast
of the GG (Supporting Fig. 1a and b). This result is in agreement with the
trajectories of the drifting buoys 1 and 2 (Supporting Fig. 1c and d)
launched respectively in November 2017 and July 2018 (Sammari and
Chevalier, personal communication). Indeed, in November the buoy
moved south-eastward, while in July it moved north-westward.

Fig. 2 shows the hydrodynamic circulation under neap-tidal forcing
10 days before MP sampling. The hydrodynamic circulation in the GG
region was controlled by the tide, wind and current at boundaries.
Instantaneously, the circulation oscillated under tidal forcing. During
the flood, the current was oriented towards the coast whereas during the
ebb, it was off-ward. During slack water, eddies may appear, namely
during neap tide. During low water, counter-clock wise eddies appeared
along the coast, near Gabes, and a clockwise eddy in the middle of the
gulf. In contrast, during high water, counter-clock wise eddies were
present in the middle of the gulf, and clockwise eddies near Boughrara
lagoon and Kerkennah Island. These eddies decreased at spring tide in
front of the intense tidal current (Fig. 2).

A tidally-averaged coastal current was observed flowing from the
north to the south, probably in link with wind and the regional current
(Fig. 3). However, eddies disturbed this littoral current, namely the two
great eddies in the middle of the gulf, which may induce a counter
littoral current from Djerba to Gabes (Fig. 3).

3.2. Temperature and salinity

The spatial distribution of temperature and salinity in the surface
waters of the GG is displayed in Fig. 4. Temperature ranged from 21.75
to 23.5 °C (Fig. 4a), and salinity from 39.2 to 39.5 (Fig. 4b). The littoral
current from north to south with colder and less salty water is clearly
visible on stations 1, 2, 5, 6, 7 and 8, whereas the station 3 seems to be
marked by a recirculate water, warmer (23.5 °C) and saltier (39.5).
Water at station 4 seems to follow the littoral current, but more offshore
with temperature and salinity around 22.75 °C and 39.3, respectively
(Fig. 4a and b).

3.3. Microplastic abundance and distribution

MPs were found at all stations, with an item number ranging from 73
MP particles (station 5) to 362 MP particles (station 4) (Supporting
Table 1). The total number of MPs collected was 1382 MP particles
(Table 1). To determine the MP abundance (in items/km2), the number
of MP was divided by the sampling surface area (in krnz). The latter was
calculated by multiplying the net width by the covered (sampling) dis-
tance, derived from the flowmeter data. The MP abundance varied
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between 25,471 items/km? (station 5) and 111,821 items/km? (station
2) (Table 1) with a mean value of 63,739 items/km?. This range was
quite high considering the relatively limited study area. Station 4,
located 24 km off the coast (Fig. 1), showed a high MP abundance with
93,202 items/km?

3.4. Characteristics of microplastics

Collected MPs were categorized based on their shapes, colours, size
class and polymer types. Fig. 5 shows examples of collected MPs with
different shapes, colours and sizes.

3.4.1. Shape

Collected MPs were sorted into five different categories: fragments,
films, filaments, pellets and foam (Fig. 6a and b). Pellets and foam were
combined in accordance with their low abundance. Fragments domi-
nated, with on average 34,692 + 16,756 items/km?, accounting for 58
+ 19% of the total number of MPs for the eight stations (Fig. 6a).
Fragments varied from approximately 30% close to the harbour (station
1) to more than 80% in the most northern station (station 5) (Fig. 6b).
Films were also abundant, with a mean of 24,796 + 21,988 items/km?
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Fig. 5. Examples of microplastics with different shapes, colours and sizes: general view (a), fragments (b), films (c), pellets (d), filaments (e), and polystyrene balls
(f). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(34 + 18% of total MPs) for all stations (Fig. 6a). This mean film
abundance was not significantly different from that of fragments (U test,
p = 0.130). Films represented from 12% (station 5) to 62% (station 2) of
total MPs (Fig. 6b). Filaments were found in all samples but with a
relatively lower proportion (7 + 4% on average for all stations) (Fig. 6a
and b). Foams and pellets accounted together for 1% on average of total
MPs. Foams were present in stations 1, 3 and 8, whereas pellets were
exclusively detected in stations 1 and 4 (Fig. 6a and b). With regard to
the abundance of fragments and films, station 4 and station 2 appeared
respectively as outliers, with significantly higher values compared to the
other stations (Fig. 6a).

3.4.2. Colour
The colour of MPs may increase their bioavailability owing to prey
items resemblance (Wright et al., 2013). In this study, most of MP items

were white (for all stations, mean abundance of 26,272 £ 15,245
items/kmz, 74 + 12% of total items), while blue, black, green and red
items accounted on average for 9, 5, 5 and 3% of total MPs, respectively
(Fig. 6¢ and d). Other colours including, yellow, orange, grey and purple
were also present within MPs (4% of total MPs). According to the
abundance of white MPs, station 4 was an outlier, with significantly
higher values compared to the other stations (Fig. 6¢).

3.4.3. Sigze class

Collected MP size ranged from 0.2 to 5 mm. Items were thus cate-
gorized into three classes: 0.2-1, 1-2 and 2-5 mm (Fig. 6e and f). The
mean abundance and percentage of small-sized MPs (0.2-1 mm),
medium-sized MPs (1-2 mm) and large-sized MPs (2-5 mm) were
10,682 + 7038 items/km? and 36 + 26%, 12,786 + 5903 items/km? and
38 £ 15%, and 11,224 + 14,591 items/km? and 26 + 22%, respectively.
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Fig. 6. Box-and-whisker plots of microplastic abundance (items/km?), and their relative abundance (%) for each station with regard to shapes (a, b), colours (c, d),
size classes (e, f) and polymer types (g, h). The bottom and top of the box plot are the 25th and 75th percentiles, respectively, whereas the central line is the 50th
percentile (the median), and the red cross is the mean. The ends of the error bars correspond to the 10th percentile (bottom) and to 90th percentile (top). Dots are the
minimal and maximal values. Dots located above the error bar are considered as outliers, i.e., station 2 and/or station 4. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)



The mean abundances for the three size classes were not significantly
different (U test, p = 0.328-0.645). As shown in Fig. 6f, the relative
contributions of the size classes varied significantly according to the
sampling station. The 0.2-1 mm size class accounted for over 65% of the
total recovered MPs close to the coast (stations 1 and 2), but for less than
10% in station 4 (offshore station). The 1-2 mm size class represented
between 46 and 60% of the total MPs in stations 3, 6 and 7. The 2-5 mm
size class was dominant for station 4 (61%), and in a lesser extent, sta-
tion 8 (50%), but represented only 1-6% of total MPs in stations 1, 2 and
6 (Fig. 6f). Regarding the abundance of 0.2-1 mm and 2-5 mm MP,
station 2 and station 4 appeared respectively as outliers, with signifi-
cantly higher values compared to the other stations (Fig. 6e).

3.4.4. Polymer type

The MP chemical composition may also provide relevant information
on the origin of individual items (Galgani et al., 2015). In all collected
samples, the overwhelming majority of items subjected to FT-IR analysis
were attributed to polyolefins, basically polyethylene and reformulated
polyethylene (PE) with 14,545 + 6661 items/km? and 76 - 8% of total
MPs for all stations (Fig. 6g and h). Polypropylene (PP) particles were
also present in samples with 3918 + 2219 items/km? and 21 + 10% of
total MPs. Other polymers accounted for 3% of total MPs (Fig. 6g and h).
The polymer composition was much more homogenous between stations
than was the size class. Ethylene-propylene copolymer, a class of syn-
thetic rubber produced by copolymerizing ethylene and propylene and
frequently used in packaging and manufacturing carrier bags, was also
detected. The overwhelming majority of recovered filaments were also
attributed to PE and may be derived from ropes and fishing nets.

3.4.5. Multivariate analyses

Fig. 7 shows Spearman PCA applied on the main MP parameters for
the eight stations, i.e., abundance (items/km?) of fragments, films, white
particles, 0.2-1, 1-2 and 2-5 mm size MPs, as well as PE particles.
Correlation circle (on the left) displayed significant positive (linear)
correlations between abundances of fragments, white and 1-2 mm size
MPs (r = 0.88-0.98, n = 8, p < 0.05), between abundances of films and
PE MPs (r = 0.91, n = 8, p < 0.05), and between abundances of white
and 2-5 mm size MPs (r = 0.74,n = 8, p < 0.05).

The first principal component (PC1), which explained 53.7% of total
variability within samples, was mainly driven by abundances of frag-
ments, white, 1-2 mm and 2-5 mm size MPs (Fig. 7). PC1 allowed the

Films
E -
0.2-1 mm
Fragments
White
1-2 mm
\‘ 2-5mm

discrimination between three groups of stations: i) stations 1, 2, 5-7, ii)
stations 3, 8, and iii) station 4, with increasing abundances of fragments,
white, 1-2 mm and 2-5 mm size MPs. The second principal component
(PC2) accounted for 35.8% of total variability within samples, and was
mostly correlated to abundances of films and PE MPs (Fig. 7). PC2
allowed separating three groups of stations: i) stations 5, 7, 8, ii) stations
3, 4, 6, and iii) stations 1, 2, with increasing abundances of films and PE
MPs. Overall, according to PC1 and PC2, three groups of stations were
highlighted (blue circles): i) stations 1, 2, ii) stations 3, 5-8, and iii)
station 4. These three groups were also confirmed by the hierarchical
ascendant classification applied on the same dataset (figure not shown).
Consequently, multivariate analyses highlighted the offshore station 4
as particular sample with the highest abundances of fragments, white,
1-2 mm and 2-5 mm size MPs.

4. Discussion
4.1. Features of microplastics in the Gulf of Gabes

As no standardized MP sampling method has been established so far,
methodological differences (type of sampling net, mesh size and
extraction method) limit comparisons of MP abundances with previous
results. A comparison of our MP abundances with those acquired in the
Mediterranean Sea with similar sampling methods and measurement
units revealed that MP abundances we recorded in the GG region were,
in many cases, one order of magnitude lower than those found in other
Mediterranean areas (Table 2). Some potential non-permanent aggre-
gation zones of marine debris in the Mediterranean Sea were numeri-
cally identified namely the Gulf of Sirte, as well as the northwestern
Mediterranean and the Tyrrhenian sub-basins. Theses possible retention
areas are either the result of weak dynamics or the rotating behaviour of
the general surface circulation in this area (Mansui et al., 2015). Many
studies based merely on sampling campaigns (i.e., not numerical simu-
lations) have confirmed the presence of numerous plastic debris in these
areas (Ruiz-Orejon et al., 2016; Pedrotti et al., 2016; Suaria et al., 2016)
(Table 2).

Although MP abundance in the GG was overall lower compared to
other Mediterranean areas, a quite significant spatial variability
appeared, with a higher abundance offshore (station 4) relative to the
coast (Figs. 6 and 7). This observation is in line with the findings of
Pedrotti et al. (2016), who noted that stations located at long distances
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Fig. 7. Principal component analysis (PCA), based on the Spearman’s correlation matrix, applied on selected microplastic parameters, i.e., abundance (items/km?) of
fragments, films, white particles, 0.2-1, 1-2 and 2-5 mm size microplastics, polyethylene and reformulated polyethylene (PE) microplastics. Projection of variables
(left) and samples (right) on the first factorial plane (PC1 versus PC2). Three groups of samples are highlighted from this PCA (blue circles) and confirmed by the
hierarchical ascendant classification: group 1 = stations 1 and 2, group 2 = stations 3, 5-8, and group 3 = station 4. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)



Table 2
Comparison of abundance of microplastics in the surface waters of the Gulf of
Gabes (present study) with those reported in other Mediterranean areas.

Location Net Abundance (items/ Reference
mesh km?)

Central and Western 333 8999-1,164,403 Ruiz-Orejon
Mediterranean Sea pm et al. (2016)
Ligurian Sea (northwestern 330 21,000-578,000 Pedrotti et al.

Mediterranean Sea) pm (2016)
Central-western 200 40,000-9,230,000 Suaria et al.
Mediterranean Sea pm (2016)
Mediterranean coast of 330 16,339-520,213 Giiven et al.
Turkey pm (2017)
Northern - 0-1,610,000 Digka et al.
Ionian Sea (Greece) (2018)
Gulf of Lion (northwestern 780 6000-1,000,000 Schmidt et al.
Mediterranean Sea), pm (2018)
330
pm
Gulf of Gabes (Tunisia) 200 25,471-111,821 This study
pm

from land, far from the influence of perimetric currents, showed the
highest MP abundances. This has also been frequently reported in
offshore areas of low dispersion and surface convergence, identified as
accumulation regions for the floating plastics (Eriksen et al., 2014; Cozar
et al., 2015).

Our results highlight the dominance of fragments, and, in a lesser
extent, films within MPs (Fig. 6a and b), which is in agreement with
several other works (Ruiz-Orejon et al., 2016; Tuncer et al., 2018). The
predominance of fragments over other collected items suggests that the
source of MPs is rather related to the breakdown of larger plastic
products (secondary sources) than to MP primary inputs, such as MP
directly released from treated wastewater effluents. As many previous
studies (see review by Hidalgo-Ruz et al., 2012), most of the identified
items were of white colour (Fig. 6¢ and d). Colour can be also considered
as a good indicator of MP residence time in the ocean and their
weathering degree (Pan et al., 2019). Almost all collected MP items
during our field survey showed fading hues, indicating they underwent
various aging processes over a long period of time.

The patterns of MP size distribution can be related to their origin and
might also reflect their degree of weathering. It was suggested that
plastic aging process and weather forcing help to break large marine
plastic debris into smaller pieces, resulting in a decrease in the size of
MPs (Pan et al., 2019). This study revealed high dominance of the
smaller MP items close to the coast (stations 1 and 2) (Fig. 6e and f;
Fig. 7), which may indicate a rapid fragmentation along the shoreline.
The fact that large-sized items were in the majority offshore (station 4)
may suggest that MPs in this area were of different origin relative to MPs
collected closer to the coast (Fig. 6e and f; Fig. 7) (see below the link
with hydrodynamics).

PE and PP are the most frequently recorded polymers in all envi-
ronmental compartments in the Mediterranean Sea (Pedrotti et al.,
2016; Digka et al., 2018) consonantly with their large manufacture and
use worldwide. Frequent detection of these polymers can be also related
to their low density, making them buoyant and easily transported in
surface marine waters. Other polymers, such as polyamide resin and
polyether urethane, were also observed. Here, only polystyrene balls
were identified as polystyrene, and were mainly present at station 1,
located a few kilometres from the harbour, suggesting that their prob-
able source is containers for seafood packaging (Fig. 6g and h; Fig. 7). It
is noteworthy to mention that other polymers such as polyethylene
terephthalate (PET) and polyvinyl chloride (PVC), frequently reported
in many previous studies (Suaria et al., 2016; Digka et al., 2018) were
not detected in our studied area (Fig. 6g and h).

Therefore, some features are highlighted in the GG concerning MPs:
1) lower abundances and a lower diversity of polymer types (strong
dominance of PE and PP) compared to other Mediterranean regions, and

2) an atypical offshore site (station 4) that exhibits different MP char-
acteristics (higher abundances, higher sizes) relative to other stations
(Fig. 7). Below we argue about the potential influence of hydrodynamics
and biological activity on these observed features.

4.2. Potential influence of hydrodynamics and biological activity

The potential influence of hydrodynamics on the distribution and
characteristics of MPs in the GG region was analyzed using the Lagragien
Ichtyop model. In simulations, we observe that the water that was pre-
sent at each station has come from outside of the Gulf (Fig. 8). It entered
in the Gulf through the north few months before (2-3 months) the
sampling date and has probably travelled to sampling stations thanks the
littoral currents. The main part of sampled water has remained near the
coast, passing near coastal cities, such as Sfax. Only water sampled in
station 4 was mainly coming farther from the coast behind the Ker-
kennah Island. Some part of water sampled in stations 8 and 3 may have
a quite similar origin to that of station 4 (Fig. 8). The results indicate that
MPs in station 4 were carried by a different water mass and could be
considered as more representative of MPs of the Mediterranean Sea
basin. This can better explain the atypical nature of this station
compared to other sites in terms of abundance, shapes, colours and sizes,
as described above. From the MP characteristics described here, it seems
that particles collected at all other stations (stations 1, 3-8) were less
aged and less altered than those of station 4. These less aged MPs could
originate from cities located on the coastal area of the GG, such as Sfax
city. The latter, which is the second-largest city and one of the main
industrial-port centre in Tunisia, may be a significant source of MPs to
marine waters through inputs from various wadis and effluents, as well
as atmospheric deposition (Fourati et al., 2018). Sfax is located in the
northern part of the GG, in front of the Kerkennah Islands. Hence, MPs
issued from Sfax would be transported to stations 1, 3-8 through
north-south littoral currents (Fig. 8). In contrast, according to modelling
results, MPs at station 4 would come from far more distant areas,
possibly outside the GG, carried by different water masses.

Another feature revealed during this study was the relatively low MP
abundance and polymer diversity in the GG region. This may be
attributed to an exacerbated sinking of buoyant MPs due to the intrinsic
nature of particles (i.e., their polymer composition, which influences
their density) but also to local meteorological conditions and environ-
mental factors (Kowalski et al., 2016). Among these factors, biofouling

Velocity intensity (m/s)

Fig. 8. Three-months median trajectory before the microplastic sampling day.
Black plots indicate the trajectory of sampled water at stations 1, 2, 3, 5, 6, 7
and 8, whereas red plots indicate the trajectory of sampled water at station 4.



process (colonization of MPs by the marine biota) could have a signifi-
cant role in the MP sinking and their subsequent “depletion” in surface
waters. Indeed, GG has been characterized as a bloom region with a
strong phytoplankton biomass induced by high nutrients concentrations
through terrestrial (atmospheric) or sediments inputs (Ayata et al.,
2018; Béjaoui et al., 2019). During this work, the presence of biofouled
MP items was frequently observed during sample processing. Conse-
quently, besides hydrodynamics, particle sinking induced by biofouling
process might also influence the distribution of MPs in surface waters of
the GG.

5. Conclusions

This study revealed an average MP concentration of 63,739 items/
km? in the Gulf of Gabes. This oceanic area, which is considered as one
of the eleven “consensus” eco-regions within the Mediterranean Sea
(Ayata et al., 2018) appears particular with respect to its microplastic
content. Indeed, this mean concentration is quite low compared to those
reported in other Mediterranean regions. Also, MPs in the Gulf of Gabes
are characterized by the dominance of fragments and films, as well as
polyethylene materials. Interestingly, a high heterogeneity was
observed for the MP distribution on a small spatial scale (samples taken
at few kilometers from each other). This is may be attributed to several
factors including the hydrodynamic conditions and biofouling. We show
through Lagragian modelling that MPs in offshore station 4 were very
likely carried by a different water mass and could be considered as more
representative of MPs of the Mediterranean Sea basin. This can better
explain the atypical nature of this station compared to other sites. This
work thus emphasizes the pertinence of the coupling mod-
elling/observations for the study of the MP distribution. As a result,
future spatio-temporal studies are needed in order to gain a better un-
derstanding of the MP dynamics in this region.
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