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The floating plastic debris along the Arabian coast of the Red Sea was sampled by using
surface-trawling plankton nets. A total of 120 sampling sites were spread out over the
near-shore waters along 1,500 km of coastline during seven cruises performed during
2016 and 2017. Plastic debris, dominated by milimeter-sized pieces, was constituted
mostly of fragments of rigid objects (73%) followed by pieces of films (17 %), fishing lines
(6%), and foam (4%). These fragments were mainly made up by polyethylene (69%) and
polypropylene (21%). Fibers, likely released from synthetic textiles, were ubiquitous and
abundant, although were analyzed independently due to the risk of including non-plastic
fibers and airborne contamination of samples in spite of the precautions taken. The plastic
concentrations (excluding possible plastic fibers) contrasts with those found in other
semi-closed seas, such as the neighboring Mediterranean. They were relatively low all
over the Red Sea (<50,000 items km~2; mean + SD = 3,546 =+ 8,154 plastic item km—2,
1.1 £ 3.0g km~2) showing no clear spatial relationship with the distribution of coastal
population. Results suggests a low plastic waste input from land as the most plausible
explanation for this relative shortage of plastic in the surface waters of the Red Seg;
however, the additional intervention of particular processes of surface plastic removal
by fish or the filtering activity of the extensive coral reefs along the coastline cannot be
discarded. In addition, our study highlights the relevance of determining specific regional
conversion rates of mismanaged plastic waste to marine debris, accounting for the role
of near-shore activities (e.g., beach tourism, recreational navigation), in order to estimate
plastic waste inputs into the ocean.

Keywords: plastic fragments, Red Sea, Mediterranean Sea, Cote d’Azur, surface waters

INTRODUCTION

Efforts to assess the global distribution of marine floating plastic debris over the last years are now
allowing for a comprehensive depiction of global patterns. High plastic accumulation zones were
hypothesized, and confirmed, in each of the five subtropical gyres (Law et al., 2010; Goldstein,
2012; Cozar et al., 2014), and semi-enclosed systems, such as the Mediterranean (Cozar et al., 2015;
Ruiz-Orejon et al., 2016; Suaria et al., 2016) and the Arctic Ocean (Coézar et al., 2017), which has
been equated to a “polar Mediterranean” because of being surrounded by continents and linked
to global ocean circulation through terminal surface currents (Aagaard et al., 1985; @sterhus et al.,
2005). However, extensive areas remain yet unexplored, particularly semi-enclosed basins highly
susceptible to accumulate plastic because of the limited hydrodynamic capacity to transfer the
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inputs they receive from land or import through ocean
circulation into the open ocean. This is the case for the Red
Sea, spreading over 438,000 km” in one of the world’s warmest
regions.

The Red Sea is characterized by low annual rainfall, the
absence of permanent rivers in its catchment area and high
evaporation. In the north, the artificial canal in the Gulf
of Suez opens an important shipping route connecting the
Mediterranean to the Red Sea. In the south, the Red Sea connects
to the Indian Ocean through the strait of Bab el Mandab,
importing the Indian Ocean into the Red Sea at the surface and
exporting hypersaline Red Sea water at depth (Smeed, 2004).
Maritime traffic is intense along the Red Sea, one of the major
shipping routes for oil tankers and merchant vessels in the ocean
(Gladstone et al, 1999). The shoreline is sparsely populated,
with Jeddah (Kingdom of Saudi Arabia) being the only human
settlement above 150,000 inhabitants along the extensive Saudi
coast spanning the entire Eastern margin of the Red Sea. The Red
Sea is largely a coastal ocean, with a deep (up to 2,800 m) central
zone and extensive shallow areas supporting mangroves, seagrass
beds and one of the most extensive coral reef systems in the world
(Bruckner et al., 2012; Figure 1).

The Red Sea basin, like the Mediterranean, shows an inverse
estuarine circulation driven by high evaporation in the basin,
with the water exchange with the Indian Ocean defined by a
surface inflow of low-salinity water over a deeper outflowing
high-salinity water layer (Cessi et al., 2014). This dominant two-
layer transport is replaced between June and September by a
three-layer exchange comprised of a shallow surface outflow, an
intermediate intrusion of the relatively fresh and cold Gulf of
Aden water and a deep hypersaline outflow (Sofianos, 2002).
This hydrodynamic pattern implies a limited capacity to export
floating debris from the Red Sea and a more likely import
from the Indian Ocean, suggesting that the Red Sea may act
as a trap for floating plastic pollution, as reported for the
Mediterranean Sea (Coézar et al, 2015). On the other hand,
the Mediterranean Sea and the Red Sea show also relevant
dissimilarities in relation to coastal population levels, touristic
activity or biological communities, which may affect the input
and loads of plastic pollution.

Here, we assessed, for the first time, the load and distribution
of floating plastic litter across the Red Sea, with a focus on
the Eastern half, encompassing the Economic Exclusive Zone
(EZZ) of Saudi Arabia. Our aim was to examine the occurrence,
composition and distribution of plastic debris in the surface
waters and, by using other world seas and particularly the
Mediterranean Sea as reference, to characterize its pollution level
and possible sources.

MATERIALS AND METHODS

A total of 120 samples were collected during 7 cruises on
board KAUST R/V Thuwal covering 1,500 km of the Arabian
coastline of the Red Sea. During 2016, 95 samples were collected
during five cruises from February 17th to December 1st and
25 additional samples were collected during two cruises from

March Ist to April 6th 2017 (Table S1). Plastic debris was
sampled following standard procedures, similar to those used
in the assessment of plastic pollution in the Mediterranean
Sea (Cozar et al, 2015), by using a manta trawl (0.5 x
0.15-m mouth, 150-pm mesh). The net was towed at the
top 10 cm of the sea surface with an average speed of 2.5
knots during 15-30 min. The material collected by the net
was mixed with 0.2-mm-filtered seawater and floating plastic
debris was carefully picked out from the water surface with
the aid of a stereoscopic microscope in the laboratory. This
examination was repeated to ensure the detection of the smallest
particles, isolating separately plastic items and fibers. Plastic
items were extracted from the seawater samples and washed and
dried at room temperature, whereas the materials identified as
possible plastic fibers found in the samples were counted and
analyzed independently. Rigorous precaution was taken during
the sample processing, using cleaned instruments and blanks
from sampling operations until the end of the sorting at the
laboratory.

Plastic items were counted, photographed and processed to
measure each item using Image] Software (http://imagej.nih.
gov). They were classified into four size intervals: 0.2-0.5, 0.5-
1, 1-5, and 5-500mm (width of the net mouth). To render
plastic counts per bin independent of the width of the bin,
the abundance of plastic items for each bin was normalized by
dividing them by the size interval width (Cozar et al., 2014). In
addition, plastic items were classified according to aspect and
consistency in rigid fragments (hard pieces from broken objects);
films (bags, wrappings, or pieces of them); fishing lines (including
those released from nets); foamed plastic; pellets (raw form of
plastic) and beads (possibly derived from products for cleansing
and personal care).

To confirm the plastic nature of the material collected in the
examinations, Fourier transform infrared spectrometry (Nicolet
10 FT-IR for particles >250 um and Nicolet 6700 pWFT-IR
coupled with a microscope for particles <250pLm) was applied
to a random subset of items (n = 198). Thirty-two scans at
medium resolution were performed per item. Wave number
ranged between 4,000 and 650 cm ! and the spectra were verified
using the OMNIC Spectra Library. Unfortunately, this could
not be applied to items identified as possible fibers, as this FT-
IR testing of this particular type of debris requires a Diamond
Compression cell, which was not available. Hence, plastic fibers
are reported separately, as their identification has not been
confirmed and remains putative.

The area sampled in each net tow was estimated from the
product of trawling length (from GPS positions) and width of the
net. Given the effect of wind mixing on the vertical distribution
of buoyant plastic debris, the wind correction proposed by
Kukulka et al. (2012) was applied to the net tows carried out
with average friction velocity in water (u*) > 0.6 (30.8% of the
tows). Differences in wind speed among the seven surveys were
statistically tested with the non-parametric Kruskal-Wallis test.

The population within the 50-km coastal strip of the
Red Sea was estimated from gridded global population
data from the 2008 LandScan data set (http://web.ornl.
gov/sci/landscan/datasets/LS2008.ris). The linear distance from
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FIGURE 1 | Geographic location of the study area. Blue lines show rivers, red lines indicate coral reefs, seagrass beds and mangroves, and black flags are major
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Sharm El Sheikh, at the northernmost part of the Red Sea,
was used as a reference to analyze the distribution of plastic
and population along the Red Sea. Data on floating plastic
abundance and population was aggregated into 29 bins of 50-
km length each along the north-south transect (1,400 km long).
The relationship between these variables was explored using
Spearman’s correlation in the R statistical package.

Plastic concentrations in the Red Sea and Mediterranean Sea
were compared using a non-parametric Mann-Whitney U-test.
Likewise, plastic concentration in relation to the distance to

land was analyzed using different distance bins and compared
to plastic abundances measured in the Cote d’Azur (French
Mediterranean coast) (Pedrotti et al., 2016). To allow this
comparison, sampling sites in the Red Sea (n = 120, distance
from land: 0.17-151km) and the Mediterranean Sea (n = 70,
0.3-340 km) were grouped into four logarithmic bins of distance
to shore (0.1-1, 1-10, 10-100, and 100-1,000km). A non-
parametric Kruskal-Wallis test was used to test for significant
differences in floating plastic fragment abundance between
distance bins.
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RESULTS

Plastic fragments were found in 60.8 % of the samples, with a
total of 298 plastic items (excluding fibers) found in the 120
stations sampled during the seven cruises carried out across the
Red Sea. The concentrations of plastic fragments were generally
low, ranging from 0 to 50,393 item km~2 (Figure 2A), with
an average = SD concentration of 3,546 £ 8,154 plastic item
km ™2 (median = 1,030 items km ™2, cf. Table 1 for concentration
per unit volume). The mass concentration of plastic fragments
ranged from 0 to 22 g km~2 (median = 0.03 g km 2, mean + SD
= 1.1 £ 3.0g km™2). The highest plastic fragment concentration
was sampled around 300km South of Sharm El Sheikh
(Figure 2D).

Possible plastic fibers were found in all samples. However,
despite all precautions, blank controls showed between 0
and 3 possible plastic fibers, highlighting the high risk of
contamination of samples by fibers. After subtracting the fibers
in the blank controls from that in the corresponding samples,
the concentration of possible plastic fibers ranged between 9 and
222,838 fibers km™2 (median = 25,110 fibers km~2, mean +
SD = 32,703 + 30,208 fibers km—2) (Figure 2B). These items
were the most abundant and prevalent (Figure 2C) although they
were not combined with the estimate of the load of plastic debris
in the Red Sea due to uncertainties as to the plastic nature of
these fibers, which could not be verified. Nevertheless, because
of the low mass of the fibers (about 0.002 mg fiber ™! assuming an
average plastic density, 1.6 g cm >, Hidalgo-Ruz et al., 2012), its
contribution to the total plastic mass would be minimal (<7%)
even if all possible plastic fibers would be included.

Coastal population is relatively low along the Arabian coast,
except for the human settlement of Jeddah, accounting for almost
74% of the total coastal population in the East coast of the Red
Sea (Figure 2D), but we found no clear relationship between
plastic concentration and population, either for plastic fragments
(r=—0.19, p = 0.30, n = 29) or possible plastic fibers (r = 0.34,
p=0.06,n=29).

In relation to plastic categories, rigid fragments were the
most abundant items (73%), followed by pieces of films (17%),
fishing lines (6%), and foam (4%) (Figure 3A). Neither pellets
nor beads were found in the samples. Thus, we will refer to
these plastic categories (pieces of rigid objects, films, fishing lines,
and foam) as plastic fragments, in contrast to fibers. Fourier
Transform infrared (FT-IR) micro spectroscopy confirmed the
plastic identity of all particles analyzed. Most of the plastic items
were polyethylene (PE, 69%), followed by polypropylene (PP,
21%), polystyrene (PS, 4%), polyvinyl chloride (PVC, 3%) and
polyurethane (PU, 1%), cellophane (CP, 1 %) and polyamide (PA,
1%) (Figure 3B). The predominance of PE and PP, accounting for
90% of the total plastic, is in close agreement with the dominance
of these materials in floating plastic fragments reported for the
Mediterranean Sea (Suaria et al., 2016).

The mean length of the plastic items was 2.08 + 2.74 mm,
ranging from 0.26 to 29.67 mm. The low number of plastic
items collected only allowed the use of four size bins to analyse
the plastic size distribution, in contrast with narrower size
classes allowed by the larger number of items obtained in

previous studies (Cozar et al., 2014, 2015, 2017). Once the plastic
abundances were normalized by the width of the size bins, the
highest abundance appeared in the size range between 0.5 and
1 mm (55.1%) (Figure 3C).

Kruskal-Wallis tests indicated that there were statistically
significant differences in wind speeds between the surveys likely
due to seasonal variability between months of sampling (Kruskal-
Wallis test, p < 0.001). However, there were no statistically
significant differences in abundance of plastic fragments nor
possible plastic fibers between the seven surveys (Kruskal-
Wallis test, p = 0.19 for plastic items and p = 0.48 for
fibers).

The comparison of plastic fragment concentrations in the
Mediterranean Sea and Red Sea showed significant differences
(Mann-Whitney, p < 0.001), with the concentration in the
Red Sea being two orders of magnitude lower than that in the
Mediterranean Sea (Figure 4). However, we did not observe
significant variation in plastic abundance in the Red Sea between
water strips to land (Kruskal-Wallis test, p = 0.4).

DISCUSSION

The concentration of plastic debris found in the surface
waters of the Red Sea is the lowest thus far reported for a
coastal sea (Table 1). The average concentration of plastic items
(excluding fibers) in the Eastern Red Sea was 1.08g km~2,
two orders of magnitude below the concentrations measured
using comparable sampling methods in in the Mediterranean
Sea (range 423-672g km™2, Cézar et al., 2015; Ruiz-Orejon
et al., 2016; Suaria et al., 2016), and comparable to that in the
areas with the lowest plastic loads in the global open ocean
(Cézar et al., 2014; Table 1).

There are two reasons, not mutually exclusive, that may
explain such low abundance of floating plastic fragments in
the semi-enclosed Red Sea, (1) low inputs of plastic waste into
the Red Sea; and/or (2) fast removal rates of plastic debris
from the surface. The average number of inhabitants per linear
kilometer settled on Arabian coast is 4,100 km~!, whereas
the Cote d’Azur (in the French Mediterranean coast) supports
10,300 inhabitants per linear kilometer (http://web.ornl.gov/sci/
landscan/), which is consistent with the difference in plastic
load between these two areas (Figure 4). Indeed, the lack of
a significant correlation between the concentration of floating
plastic fragments and population along the Red Sea is in contrast
with the correlation found by Pedrotti et al. (2016) in the Cote
d’Azur, where there was a more even distribution of population,
with several large coastal cities, such as Toulon, Nice, Monaco, or
Genova.

In addition, the lack of rivers discharging in the Red Sea
may also lead to low inputs, as rivers are major conduits for
plastic inputs into the ocean (Lebreton et al., 2017). However,
waste management remains an unresolved problem in the Red
Sea region (Gladstone et al., 1999). Using the estimates of
mismanaged plastic waste per person for Saudi Arabia and
France by Jambeck et al. (2015), the total amount of mismanaged
plastic waste was estimated to be higher in the Red Sea, at
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23.7 tons km~! year™! for the Arabian coast, than for the
Cote d’Azur, with 14.4 tons km~! year~!, which contrasts
with the concentrations of floating plastic debris measured
in the waters. The explanation for this mismatch could be
related to important differences in the transfer of mismanaged
plastic waste from land to sea and/or a higher loss rate of
floating plastic. First, the efficiency of this transfer in the
Arabian coast and the Cote d’Azur may differ because of the
absence of rivers in the Red Sea, which possibly accounts for
part of the differences found in floating plastic pollution. In
addition, near-shore activities, such as beach tourism, cruises
and recreational navigation are far more intense in the Cote
d’Azur, which experiences a large increase in summer population
and waste generation on the coasts, than in the Arabian coast
of the Red Sea, where coastal tourism is virtually absent. The
monitoring of beach debris in the Mediterranean Balearic Islands
demonstrated the importance of near-shore activities associated
with summer coastal tourism in the abundance and composition
of the waste stranded on beaches (Martinez-Ribes et al,

2007), which has high probability to become marine floating
debris.

Provided the lack of rivers in the Red Sea, wind could play a
major role in transporting plastic waste from land into the sea,
which would be most effective in delivering fibers and light film-
type objects, such as wrappings and bags. Indeed, this typology of
light debris was relatively abundant in Red Sea surface waters.
The concentration of possible plastic fibers was comparable to
that reported for other ocean regions (Setéld et al., 2016), with
fibers representing, numerically, 92%, on average of the total
number of possible plastic items (Figure 2C). The typology of
the floating plastic fragments (hard pieces, films, lines, and foam)
showed a proportion of 17% of films in abundance, which is in
the upper range of the proportion of film reported in assessment
of floating plastic litter in the Mediterranean Sea (range from 1
to 6%, Cozar et al.,, 2015; Suaria et al., 2016; Van der Hal et al,,
2017).

Surface losses of plastic may be related to multiple processes.
Shore deposition, nano-fragmentation, ingestion by marine
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TABLE 1 | Comparison of floating plastic fragment concentrations (listed by increasing number) obtained in previous studies performed in the open ocean and other
semi-closed seas and those derived here for the Red Sea.

Average Average Maximum Average N Source
abundance abundance abundance weight
(items km—z) (items m—3) (items km—2) (9 km—2)
Red Sea 3,546 0.04 50,393 1.1 120 This study
Open Ocean: 7,894 0.05 190,000 21 629 Cozar et al., 2017
non-accumulation zones
Baltic Sea 14,667 0.09 48,000 ND 12 Setéla et al., 2016
Greenland and Barents Seas 80,796 0.54 317,000 99 17 Cozar et al., 2017
Mediterranean Sea 147,500 0.59 1,164,403 579 71 Ruiz-Orejon et al., 2016
Open Ocean: subtropical 155,389 1.04 1,260,000 407 275 Cozar et al., 2017
accumulation zones
Mediterranean Sea 195,510 1.96 576,555 ND 33 Pedrotti et al., 2016
Mediterranean Sea 243,853 0.49 1,224,084 423 39 Cozar et al., 2015
Mediterranean Sea 382,400 0.76 4,321,120 672 74 Suaria et al., 2016
Mediterranean Sea 1,518,340 7.68 64,812,600 ND 17 Van der Hal et al., 2017
East Asian Seas 1,720,000 3.70 ND ND 56 Isobe et al., 2015
All plastic concentrations exclude fibers.
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FIGURE 3 | Frequency of occurrence of plastic items by category (A) and type (B), and relative abundance of plastic items per size classes and category (C). Please
note that fibers are excluded because just fragments of rigid objects, films, fishing lines, and foam could be tested through FT-IR spectroscopy.

organism, or sinking by aggregation or ballasting due to epiphytic ~ to suggest some processes that could operate with particular
growth are some of the general pathways suggested as conduits of  intensity in the Red Sea. Firstly, the presence of mangroves and
plastic debris from the surface waters to coast (Cozar et al., 2014).  extensive coral reefs is an additional feature that differentiates
Here, we limit our discussion on the surface losses of plastic ~ Arabian coast of the Red Sea from that of the Mediterranean.
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Mangroves have been reported to act as traps for microplastics
in Brazil and Singapore (Ivar do Sul et al, 2014; Nor and
Obbard, 2014). Therefore, mangroves could be trapping part
of the waste transported by the occasional rainfall events as
well as marine debris stranded on the coasts during storm
events. Although we do not have quantitative information on
plastic waste in Red Sea mangroves, macro-debris was commonly
observed in these coastal ecosystems during our surveys. The
extensive coral reefs along the coast of the Red Sea (Figure 1),
which act as large filters of particulate materials, may also act
as important microplastic sinks. Indeed, numerous coral-reef
inhabitants, including the corals themselves, efficiently capture
bacteria, phytoplankton, zooplankton and small-sized detritus in
the water advected over the reefs (Tranter and George, 1969;
Yahel et al., 1998; Houlbreque and Ferrier-Pages, 2009). Although
the studies of plastic ingestion in corals are yet very scarce,
researchers recently demonstrated that scleractinian corals do
capture and ingest microplastics, from 0.1 to 2 mm in length (Hall
etal., 2015), and from 0.125 to 1 mm (Allen et al., 2017); matching
the size range of plastic debris reported in our assessment.
Mesopelagic fish assemblages have also been reported to be
relevant feeders of plastic fragments in the size interval from 0.5
to 5mm (Boerger et al., 2010; Davison and Asch, 2011; Foekema
et al.,, 2013), and are especially abundant in the Red Sea, with
nocturnal feeding migration to the surface particularly active in
comparison with other world regions (Dypvik and Kaartvedt,
2013). Other important consumers may include seabirds and
turtles, which are abundant in the Red Sea. The size distribution
of floating plastic debris found in the Red Sea, with a drop
in abundance toward the smallest sizes, is consistent with the

hypothesis of an efficient biological removal of small plastic
particles (Cozar et al., 2014), but the role of Red Sea biota,
including mangroves, coral ecosystems, mesopelagic fish and
other consumers, as sinks for floating plastic debris need yet to
be assessed.

Here we show a remarkable low concentration in abundance
and weight of plastic fragments in the surface waters of the Red
Sea, orders of magnitude below that reported for other semi-
enclosed seas, such as the Mediterranean Sea. Whereas, this may
be partially attributable to sporadic surface runoff into the Red
Sea and low levels of coastal development and tourism, the poor
waste management in the region suggests relatively high inputs.
Hence, the exceedingly low floating plastic concentrations in the
Red Sea also suggest intense biological removal as an important
process in the mass balance conducive to the low loads of plastic
fragments that characterize Red Sea waters.
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