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Abstract
In this paper, we investigated seasonal variations in concentrations of microplastics (MPs) in surface sediments of a lagoon 
heavily impacted by human activities, located in northern Tunisia (the Bizerte lagoon, southern Mediterranean Sea). Analyses 
of 112 sediment samples collected from 28 stations between May 2019 and February 2020 revealed significant seasonal 
variation in concentrations of total MPs, with the highest levels recorded in August 2019 (109.6 ± 59.8 items  kg−1 DS (dry 
sediment)) and the lowest in February 2020 (33.2 ± 22.0 items  kg−1 DS). In terms of polymer types, polyethylene particles 
were the most abundant throughout the year, followed by polypropylene, polyvinyl chloride, and polyethylene terephthalate. 
Spatial variations in total MP concentrations were found to depend on several environmental factors, including proximity to 
the coastline, level of anthropogenic pressure, location inside the lagoon, and presence/absence of vegetation. The upper 5-cm 
surface sediment layer of the lagoon was found to contain ~ 9.96 ×  1010 MP particles, equal to ~ 248.97 t of plastic. Similar 
patterns of microplastic composition and structure were found throughout the year, revealing the same plastic pollution 
hotspots during all seasons. This indicates that sources of plastic pollution are land-based and originate from coastal urban, 
industrial, and agricultural areas, as well as from major freshwater streams. The findings of the present work can help to 
develop an efficient environmental management plan aiming to reduce and/or stop the spread of plastic pollution and its 
impacts on the socially and economically important ecosystem of the Bizerte lagoon.
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Introduction 

Nowadays, plastics are used in a broad variety of applica-
tions such as transport, textiles, construction, and packag-
ing (Andrady 2011; Ryan 2015), and they are involved in all 
aspects of humans’ daily life (Thompson et al. 2009). Because 
of the rapidly increasing demand for plastics since the 1940s, 
the plastic industry has produced phenomenal quantities of 
plastics. In fact, it is estimated that total plastic output world-
wide increased 20 times over the 50 years from 1964 to 2014 
(Neufeld et al. 2016). According to PlasticsEurope (2020), 
world production of plastics reached 368 million metric tons 
annually in 2019, and global production continued to expand 
in spite of increased awareness campaigns and efforts to 
mitigate plastic pollution (Amelia et al. 2021). Plastic wastes 
generated in most countries are mismanaged, leading to wide-
spread accumulation of huge quantities of plastics in natural 
aquatic and terrestrial environments (Woodall et al. 2014; 
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Jambeck et al. 2015; Geyer et al. 2017). Within this context, 
Jambeck et al. (2015) estimated that of 275 million metric 
tons of land-based plastic waste, produced by 192 coastal 
countries in 2010, between 4.8 and 12.7 million metric tons 
reached the ocean.

Among seas and oceans worldwide, the Mediterranean 
Sea is considered the most contaminated with plastics (Leb-
reton et al. 2012; Eriksen et al. 2014; Suaria et al. 2016). The 
high concentrations of floating plastics and microplastics in 
Mediterranean waters are likely to be due to the semi-closed 
nature of this basin, reduced flows of its surface waters, and 
increased development of its coasts (Suaria et al. 2016). 
According to van Sebille et al. (2015), 5 to 10% of the mass 
of plastics generated globally ends up in the Mediterranean 
Sea. While numerous studies have been conducted on plastic 
pollution in northern Mediterranean countries (e.g., Eriksen 
et al. 2014; Suaria et al. 2016; Kedzierski et al. 2019a, b), 
similar investigations remain very few along the southern 
coast (Cózar et al. 2015; Cincinelli et al. 2019), in particular, 
in coastal lagoons.

The Tunisian coastline contains six coastal lagoons, 
among which the Bizerte lagoon, located in northern 
Tunisia, is the most socially and economically important 
regional body of water (Ksouri and Ben Said 1998; Shaiek 
et al. 2021). In spite of the species richness and the various 
fisheries and aquaculture resources characterizing the 
Bizerte lagoon, this water body has been heavily impacted 
by various human pressures including urban, agricultural, 
and industrial activities that generate significant quantities 
of various pollutants (solids, liquids, and gases), including 
plastics (Alves Martins et al. 2015; Wakkaf et al. 2020a, b; 
El Zrelli et al. 2021). A high proportion of the huge masses 
of domestic waste, including plastics, generated by the 
urban areas surrounding the lagoon are not managed, and 
therefore end up in this aquatic system through freshwater 
streams (Wadis) or wind (Wakkaf et al. 2020b). The huge 
quantities of plastic waste dumped on its coasts have made it 
into a huge open plastic dumping site (Wakkaf et al. 2020b). 
Although some preliminary attempts have been made to 
study the plastic pollution in the sediments of the Bizerte 
lagoon, these studies have been very limited and have not 
covered a sufficient number of stations or taken samples 
multiple times to sufficiently characterize the environmental 
issues facing this body of water (Abidli et al. 2017; Toumi 
et al. 2019). The present work has taken these limitations 
into account and is intended (i) to describe the seasonal 
variation in the composition, distribution, and abundance 
of MPs in the surface sediments of the Bizerte lagoon, (ii) 
to identify plastic pollution hotspots and potential sources 
of pollution in this water system, and (iii) to examine the 
influence of environmental factors on the distribution and 
abundance of MPs in this transitional water body. The 
findings of this study represent an important baseline for 

future monitoring programs of plastic pollution and should 
help to set up a useful and efficient environmental strategy 
to reduce and/or stop plastic contamination in this lagoon 
system.

Material and methods

Study area

The Bizerte lagoon is a transitional Mediterranean water 
body, located in the North of Tunisia (37°8′–37°14  ′N, 
9°46′–9°56 ′E; Fig. 1). It is a 150-km2 shallow water system 
with an average depth of 7 m and a maximum depth of 12 m in 
the channel connecting the lagoon to the open sea (0.3 × 7 km; 
Fig. 1). In addition to its connection with the Mediterranean 
Sea, the lagoon is also connected on its southern side to the 
freshwater Lake Ichkeul (Fig. 1). This double connection to 
both marine and freshwater environments makes the Bizerte 
lagoon system subject to significant seasonal changes, making 
its waters more saline in summer and less saline in winter, due 
to alternate increases and decreases in inputs of freshwater 
from Lake Ichkeul. The ecosystem of the Bizerte lagoon is 
known for its rich biodiversity, as it hosts many invertebrate 
and vertebrate species of ecological and/or economic value 
(Ksouri and Ben Said 1998; Shaiek et al. 2021). In addition, 
this ecosystem provides various services, in particular, to the 
fishery and aquaculture sectors (Shaiek et al. 2021). However, 
in spite of the socio-economic importance of this water body, 
the Bizerte lagoon has been exposed to various human pres-
sures, represented mainly by the developing urbanization of 
its coasts, fishing, and establishment of various agricultural 
and industrial zones around it. Urban and industrial areas are 
mainly located on either side of the lagoon channel, as well 
as in the north-eastern (Menzel Abderrahmane and Menzel 
Jemil) and southern (Menzel Bourguiba) zones. The remain-
ing coastal zones of the Bizerte lagoon contain agricultural 
areas (on the eastern, southern, and western sides of the 
lagoon) (Fig. 1). This anthropization has led, during the past 
decades, to the contamination of the waters and sediments of 
Bizerte lagoon with various wastes and pollutants, including 
plastics (Alves Martins et al. 2015; Wakkaf et al. 2020a, b; El 
Zrelli et al. 2021).

Sediment sampling

To describe seasonal/temporal variation in microplastic content 
in the surface sediments of the Bizerte lagoon, a total of 112 
sediment samples were collected in four sampling surveys, con-
ducted in May, August, and December of 2019, and February 
of 2020. During each sampling survey, sediment samples were 
collected from the upper 5-cm surface sediment layer at twenty-
eight sampling stations (LB1–LB28, depth range: 1–15 m; 

76920 Environmental Science and Pollution Research (2022) 29:76919–76936



1 3

Fig. 1) by scuba divers, at a rate of one sample per station. At 
each sampling location, a rectangular 5 × 25 × 30 cm metallic 
quadrat was placed randomly and sediments were collected 
using a shovel to a depth of 5 cm. The weight of the collected 
sediment samples ranged between 650 and 1025 g (average 
weight = 780 g), but a composite subsample of only 100 g was 
used from each sediment sample for microplastic analysis. Col-
lected sediment samples were immediately placed in glass jars 
and transported to the laboratory, where they were stored for 
further analyses. In parallel with sediment sampling, various 
environmental variables were recorded at each station, includ-
ing water depth (m; depth readings were made from the seabed 
using a depth gauge), presence/absence of vegetated cover (sea-
grass, algae, non-covered), location inside the lagoon (lagoon 
channel, northern part of the lagoon, and southern part of the 
lagoon), proximity to the coastline (close to the coast: < 2 km 
to the nearest coast; far from the coast: > 2 km to the nearest 
coast), distance to freshwater streams (far: > 3 km to the near-
est freshwater stream, close: < 3 km to the nearest freshwater 
stream), and level of human pressure (high, low, average). In 
addition, the quantities of rain were estimated for each season, 
based on the average seasonal records published by the National 
Institute of Meteorology in Tunisia (NIM, National Institute 
of Meteorology 2021). Supplementary Table S1 summarizes 

details of these environmental factors at each of the sampling 
stations.

Laboratory analyses

Collected sediment samples were kept in clean stainless-
steel trays, covered with perforated aluminum foil sheets, 
and left to dry in an oven at 40 °C for 48 h (time to reach 
constant weight). The dried samples were thereafter 
preserved in sealed glass jars for further analyses.

Microplastic separation from sediment

For each sediment sample, microplastics were extracted 
using a density separation technique based on sodium 
iodide (NaI) (Kedzierski et  al. 2016). Each sediment 
sample (100 g) was placed in a 100-mL glass beaker, and 
NaI solution (1.65 g  cm−3) was added, at a rate of 1 V/2 V 
(V, volume). The samples were thereafter stirred for 2 min. 
Once the sediment was settled, the solution was filtered three 
times through a Whatman glass microfiber filter (GGF/C, 
∅ = 0.45 µm) to remove any possible contaminants. After 
being filtered through a sieve of 10 μm of mesh size, a 
solution of a 30%  H2O2 was added, and the samples were 
kept at room temperature for 12 h. The solutions were 

Fig. 1  Locations of the sampling stations of surface sediments in the lagoon of Bizerte (Northern Tunisia).  Source: Google Earth (2021)
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thereafter carefully poured through a sieve with a 10-μm 
mesh. Once filtered, the obtained filters were kept separate, 
drying in clean film-covered Petri dishes.

Microscopic inspection of microplastics

The plastic materials retained on the meshes were examined 
under a Leica Zeiss stereomicroscope, following a z-shaped 
pattern from left to right. Following the standardized 
protocol described by Frias et  al. (2018), microplastics 
detected in each filter observed were counted and grouped 
according to their shapes (fibers, films, and fragments) and 
colors (clear, white, blue, black, red, green, and yellow). 
Some of the microplastic particles were also photographed 
using a camera connected to the stereomicroscope, and the 
photos were treated and saved using the Image Motic Plus 
software. Particles between 300 µm and 5 mm were then 
selected and transferred in Petri dish for chemical analysis.

Microplastics identification

An attenuated total reflectance Fourier transform infrared 
spectrometer (ATR-FTIR Vertex70v, Bruker) was used 
to identify the microplastics separated from each of the 
sediment samples. Spectra corresponding to the plastic 
particles detected were registered in absorbance mode, 
within the 4000–600   cm−1 region with a resolution of 
4  cm−1 and 16 scans. Identification of the microplastics was 
confirmed through comparison of all obtained spectra with 
a series of polymer library databases, and the similarity 
threshold was kept at > 70%. For each microplastic item, a 
high-quality spectrum was obtained by placing the latter in 
a germanium diamond cell (ATR Golden Gate). To ensure 
quality control of the data, we proceeded with cleaning the 
sample holder with ethanol after each ATR-FTIR analysis. 
Samples were analyzed per batches of 16 samples, and 
the sample chamber was cleaned with a vacuum cleaner 
after finishing from the analysis of each batch. Following 
the methodology described in Kedzierski et al. (2019b), 
FTIR spectra were identified using POSEIDON (Plastic 
pOllutionS ExtractIon, DetectiOn and aNalysis) software.

Prevention of procedural and airborne contamination

During the analyses of samples, all necessary precautions 
were taken to avoid any procedural or airborne contamina-
tion. For instance, complete laboratory analytical process 
was done in a laminar flow box, and all sediment samples 
were permanently kept in sealed glass jars. In the laboratory, 
100% cotton laboratory coats and gloves were worn, each of 
which was washed with detergent and thoroughly rinsed with 
bi-distilled water prior to each phase. All materials and work-
ing areas used were thoroughly cleaned with 70% ethanol. 

Prior to use, sediment sample containers were also washed 
with dishwashing liquid and thereafter rinsed with bi-distilled 
water, and all liquids used were filtered (with a filter of a 1 μm 
pore size) prior to use. In addition, potential contamination 
by airborne synthetic fibers was controlled using blanks. The 
procedural contamination assessed during laboratory analyses 
was not significant, and therefore did not affect the results of 
this study.

Statistical data analysis and model interpretation

A generalized linear model using the Poisson likelihood 
function and natural logarithm link function was applied 
to analyze the effects of covariates/environmental factors 
on total MP concentrations. The hypothesis of Poisson 
distribution was reasonable (p > 0.95) for the total 
MPs, as tested by the poisson.test function in R (version 
4.0.2, R core team 2020). Possible covariates included 
anthropogenic pressure levels (low, average, and high), 
proximity to coastlines and freshwater streams (close and 
far), location of stations in the lagoon (channel, northern, 
and southern), sampling survey (May 2019, August 2019, 
December 2019, and February 2020), substratum type 
(muddy, sandy, and sandy-muddy), presence/absence of 
vegetation, water depth (m), and seawater temperature (°C). 
R package MuMIn (Barton 2020) was applied to construct 
all possible combinations of the covariates, and the selection 
between models was made based on the Akaike Information 
Criterion (AIC): the best model was the one with the lowest 
AIC value. Once the best model was selected, hierarchical 
partitioning (Mac Nally and Walsh 2004) was applied to 
visualize the importance of selected covariates on the 
indicator of fitting performance, root mean square prediction 
error. The microplastics were classified into different 
categories according to three criteria: MP shape (fibers, 
fragments, and films), MP color (clear, white, blue, black, 
red, green, and yellow), and MP polymer type (PE, PP, 
PVC, and PET), and thus these variables were multivariate. 
Moreover, multinomial logistic regression was applied 
to examine effects of the covariates on the proportion of 
these classifications using the R package nnet (Venables 
and Ripley 2013). The classification reference categories 
were “fibers” for MP shape, “clear” for MP color, and “PE” 
for MP polymer type. Models of different combinations 
of covariates were contrasted with the covariates ranked 
according to their influence on the total amount of MPs. The 
model with the lowest AIC value was selected as the best 
model. In addition, non-metric multidimensional scaling was 
applied to visualize the distribution of the MPs in different 
colors, using R package vegan (Oksanen et al. 2019).

To estimate the total number  (MPSn) and mass  (MPSm) 
of microplastic particles in the upper 5-cm surface sediment 
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layer of the Bizerte lagoon, the following equations were 
used:

where M, Ss, SL, and m are the average concentra-
tion of microplastics in the first 5  cm of the  lagoon 
surface sediments per sampling quadrat (M = [(715 
items × 780 g)/100 g]/112 quadrats (or samples) = 49.79 
items/quadrat), the surface area of the sampling quadrat (S
s = 25 cm × 30 cm = 750  cm2 = 0.075  m2), the surface of the 
Bizerte lagoon (SL = 150  106  m2) and the estimated weight 
of one MP item (ɱ = 2.5 ×  10−9 t; Wakkaf et al. 2020b), 
respectively.

Results

MP composition in surface sediments of the Bizerte 
lagoon

A total of 715 MP particles were identified in the 112 surface 
sediment samples collected from the Bizerte lagoon during 
the four seasonal surveys. The highest abundance of MPs (307 
particles) was recorded in August 2019, followed by December 
2019 (165 particles), May 2019 (150 particles), and February 
2020 (93 particles). Table 1 shows the average (± SD) concen-
trations of total MPs estimated in each of the four sampling 
surveys, with the highest (109.6 ± 59.8 items  kg−1 DS) and 
lowest (33.2 ± 22.0 items  kg−1 DS) values recorded in August 
2019 and February 2020, respectively. For the four sampling 
surveys, the average concentration of MPs was found to be 
63.8 ± 30.9 items  kg−1 DS. Calculations based on Eqs. (2) and 
(3) showed that the upper 5 cm of the surface sediments of 
the lagoon was likely to contain ~ 9.96 ×  1010 items of MPs, so 
that a total plastic mass corresponding to ~ 248.97 t. The vast 
majority of MP particles were fibers which remained in lagoon 
sediments during the four sampling surveys, with percentages 
ranging between 57 (December 2019) and 66.7% (February 
2020). Plastic fragments and films were found to be less abun-
dant with percentage ranges equal to 25.8–40.6% and 2.4–8.5%, 
respectively (Supplementary Figure S1-a). In terms of color 

(1)MPS
n
= M × (SL∕SS)

(2)

composition, the total MPs collected during the four sampling 
surveys were mostly represented by clear-colored particles, 
followed by blue-colored and white-colored ones. The other 
colors (black, red, green, and yellow) were less abundant with 
green- and yellow-colored MPs occurring the least frequently 
(Supplementary Figure S1-b). In terms of polymer compo-
sition, PE was the prevalent among the four plastic polymer 
types identified herein (PE, PP, PVC, and PET) in all samples 
collected during the four sampling surveys with percentages 
varying from 58.1 (in February 2020) to 72% (in May 2019). 
PP polymers were the second in abundance, with a percentage 
varying between 16.7 (in May 2019) and 32.3% (in February 
2020), followed by PVC (percentage range: 5.3–7.9%) and PET 
(percentage range: 4.3–7.3%) polymer particles (Supplemen-
tary Figure S1-c). The rate of PE was significantly higher in 
survey 1 (May 2019) than in surveys 3 (December 2019) and 4 
(February 2020). The PP rate was significantly higher in survey 
4 (February 2020) compared to surveys 1 (May 2019) and 2 
(August 2020). Thus, there was significant variation in the aver-
age rates of these two main polymers over time in the Bizerte 
lagoon. These observations could reflect an increase in the PP/
PE ratio from the dry season to the wet season. No significant 
seasonal/temporal differences were observed for polymers less 
dense than 1.0 (i.e., PE, PP) and those denser than 1.0 (i.e., 
PET, PVC) (Supplementary Table S2).

Spatial variation of MP concentrations in surface 
sediments of the Bizerte lagoon (all seasons 
combined)

Figure 2 represents spatial variations of MP concentra-
tions in the surface sediments of Bizerte lagoon, using 
combined data from all sampling surveys. Whether con-
sidering total MPs or separate types of plastic polymers 
(PE, PP, PVC, and PET), a decreasing pattern of con-
centrations can be easily observed from the coastal zone 
to the central area of the lagoon. Highly contaminated 
areas are located next to urban/industrial areas and some 
freshwater streams/Wadis (Fig. 2). Average (± SD) con-
centrations (average concentrations of the four sampling 
surveys) of total MPs and of each of the plastic polymer 
types identified herein (PE, PP, PVC, and PET) are pre-
sented in Supplementary Figure S2 and Supplementary 
Table S3. Spatial variations in concentrations of PE, PP, 

Table 1  Average (± standard deviation; SD) concentrations of total microplastics (MPs) in the sediment of the lagoon of Bizerte, estimated for 
the four sampling surveys

DS, dry sediment

Sampling survey May 2019 (survey 1) August 2019 (survey 2) December 2019 (survey 3) February 2020 (survey 4)

Average (± SD) concentration of total 
MPs (items  kg−1 DS)

53.6 ± 40.8 109.6 ± 59.8 58.9 ± 29.7 33.2 ± 22.0
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PVC, PET, and total MPs followed the same patterns, 
showing higher concentrations in those stations sampled 
close to human-impacted areas. These include stations 
located between the town of Menzel Bourguiba and Wadi 
Ben Hassine (LB26, LB27, and LB28), those near the 
town of Jouaouda (LB22 and LB23), those near Wadi 
Tinja (LB16, LB17, and LB18), those located near the 
towns of Menzel Abderrahmane, Menzel Jemil, and Azib 
(LB07, LB08, LB09, LB10, LB11, and LB12), and those 
located in the heavily anthropized channel of the Bizerte 
lagoon (LB01, LB02, and LB03) (Supplementary Figure 
S2 and Fig. 1). Low concentrations of MPs were recorded 
at the other stations (LB04, LB05, LB06, LB13, LB14, 
LB15, LB19, LB20, LB21, LB24, and LB25) which 

occupy the central zone of the main body of the Bizerte 
lagoon, and are mainly far from the coastal area (Sup-
plementary Figure S2 and Fig. 1).

Seasonal/spatial variations in MP concentrations 
in surface sediments of the Bizerte lagoon

Spatial variation of sediment MP concentrations in May 
2019

In May 2019 (survey 1), clear spatial variations in total 
microplastics were observed in the lagoon of Bizerte, with 
the highest concentrations generally in the south, particu-
larly along the coast of the town of Menzel Bourguiba 

Fig. 2  Spatial variations in the 
concentrations (items kg.−1 
DS) of total microplastics 
(Total) and different plastic 
polymer types (PE, polyeth-
ylene; PP, polypropylene; 
PVC, polyvinyl chloride; PET, 
polyethylene terephthalate) in 
surface sediments of the Bizerte 
Lagoon during the four surveys 
combined (May 2019, August 
2019, December 2019, and 
February 2020)
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(stations LB26 and LB27; Fig. 3). The lagoon channel, the 
eastern coastal area of the lagoon (in front of Menzel Jemil 
and Azib towns and the freshwater streams from Wadis of 
Genich, Garek, and Ben Hassine; Fig. 1) also showed higher 
concentrations compared to the northern and central areas 
of the main body of this semi-closed aquatic system (sta-
tions LB05, LB06, LB13, LB14, LB15, LB16, LB17, LB19, 
and LB25). Spatial variations in PE concentrations in the 
surface sediments of the Bizerte lagoon followed the same 
spatial patterns observed with total MPs. For PP, while the 
highest concentrations were noted in the channel area and 
eastern and western coastal areas of the main body of the 
lagoon, the central area appeared to be less polluted with 
this polymer type. For PVC and PET, spatial variation inside 

the lagoon was similar, showing in general higher contents 
in the southern part of the Bizerte lagoon, as well as in its 
channel area (Fig. 3).

Spatial variation of sediment MP concentrations in August 
2019

In August 2019 (survey 2), total MPs were found to be 
much more concentrated in the northernmost part of the 
Bizerte lagoon channel, as well in the northern, southern, 
eastern, and western areas, those located near the towns of 
Menzel Abderrahmane, Menzel Jemil, Azib, and Menzel 
Bourguiba (Fig. 4). During rainy seasons, these areas are 
also known to be fed with several streams such as Wadis 

Fig. 3  Spatial variations in the 
concentrations (items kg.−1 DS) 
of total microplastics (Total) 
and different plastic polymer 
types (PE, polyethylene; PP, 
polypropylene; PVC, polyvi-
nyl chloride; PET, polyethyl-
ene terephthalate) in surface 
sediments of the Bizerte Lagoon 
during May 2019 (survey 1)
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Hlima, Tinja, Ben Hassine, Garek, and Genich (Fig. 1). 
Considering only PE, spatial variation in concentrations 
of this polymer type was found to follow a very similar 
pattern to that of total MPs. In the case of PP, the sedi-
ments of the Bizerte lagoon showed higher contents in the 
areas covering the eastern, central, western, and southern 
parts of this water body. Higher PP concentrations were 
also detected in the northernmost zone of the lagoon chan-
nel. Similar to survey 1 (May 2019), spatial variations of 
PVC and PET polymers followed similar patterns, show-
ing obvious hotspots near the coastal towns and the urban 
areas surrounding the lagoon (Fig. 4).

Spatial variation of sediment MP concentrations 
in December 2019

Although the spatial distribution of total MPs in surface 
sediments appeared to be much more homogenous in 
December 2019 (survey 3) compared to surveys 1 and 
2 (May 2019 and August 2019, respectively), the lagoon 
channel area and coastal zones located next to coastal 
towns and freshwater streams were much more polluted 
with plastic (Fig. 5). The spatial distribution of PE in 
the sediments of the Bizerte lagoon followed the same 
pattern as total MPs, revealing less pollution in the cen-
tral area of this water body. For PP, some hotspots were 

Fig. 4  Spatial variations in the 
concentrations (items kg.−1 DS) 
of total microplastics (Total) 
and different plastic polymer 
types (PE, polyethylene; PP, 
polypropylene; PVC, polyvi-
nyl chloride; PET, polyethyl-
ene terephthalate) in surface 
sediments of the Bizerte Lagoon 
during August 2019 (survey 2)
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found in the northernmost and central zones of the lagoon 
channel, as well as in the southern zone along the coast 
of Menzel Bourguiba town (Fig. 5). High PP contents 
were also observed in the eastern and northern parts of 
the lagoon. Similar to the other sampling surveys (May 
2019 and August 2019), the same spatial patterns were 
found for both PVC and PET polymer types, with more 
or less variation. High concentrations of these polymer 
types were detected in the lagoon channel, as well as near 
the towns of Menzel Abderrahmane, Menzel Jemil, Azib, 
Menzel Bourguiba, and Wadi Tinja (Fig. 5).

Spatial variation of sediment MP concentrations 
in February 2020

In February 2020 (survey 4), the spatial distribution of total 
MPs showed that all the coastal areas of the Bizerte lagoon 
were highly polluted with these contaminants, compared to 
the central area, which appeared to be the least contami-
nated (Fig. 6). Two main hotspots of total MPs could be 
observed in the lagoon channel (stations  LB01, LB02, 
and LB03) and in the area located across from Wadi Tinja 
(stations LB05, LB16, LB17, and LB18), connecting the 

Fig. 5  Spatial variations in the 
concentrations (items kg.−1 
DS) of total microplastics 
(Total) and different plastic 
polymer types (PE, polyeth-
ylene; PP, polypropylene; 
PVC, polyvinyl chloride; PET, 
polyethylene terephthalate) in 
surface sediments of the Bizerte 
Lagoon during December 2019 
(survey 3)
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Bizerte lagoon with the freshwater Lake Ichkeul (Fig. 1). 
Other minor hotspots were also found in the southern and 
eastern coastal areas of the Bizerte lagoon. Similar to other 
sampling surveys (May 2019, August 2019, and December 
2019), the spatial distribution pattern of PE was very similar 
to that of total MPs. With PP, while the central area of the 
lagoon appeared to be less contaminated with this pollutant, 
some coastal contamination hotspots were detected in the 
lagoon channel, as well as in the eastern, southern, and west-
ern parts of this aquatic system (Fig. 6). Considering PVC 
polymers, surface sediments of the lagoon were not found to 
be very contaminated with this plastic polymer type, except 
for at stations LB10, LB17, LB22, LB27, and LB28. Similar 
to PVC, the spatial distribution of PET in February 2020 

also showed some very localized pollution hotspots in the 
southernmost (LB28) and westernmost (LB16 and LB17) 
coastal zones (located near Wadi Ben Hassine and Wadi 
Tinja, respectively; Fig. 6).

Effects of environmental factors on the seasonal 
and spatial distribution of MP concentrations 
in surface sediments of the Bizerte lagoon

Considering total MP concentrations, the model with “sam-
pling survey,” “anthropogenic pressure level,” “proximity 
to the coastline,” “location of the station in the lagoon,” and 
“presence/absence of vegetation” factors was the best sup-
ported by the data, with the lowest AIC value (Table 2). The 

Fig. 6  Spatial variations in 
the concentrations (items  kg−1 
DS) of total microplastics 
(Total) and different plastic 
polymer types (PE, polyeth-
ylene; PP, polypropylene; 
PVC, polyvinyl chloride; PET, 
polyethylene terephthalate) in 
surface sediments of the Bizerte 
Lagoon during February 2020 
(survey 4)
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“sampling survey” factor was the most important covariate, 
explaining 57% of the root mean square prediction error. 
“Proximity to the coastline,” “anthropogenic pressure level,” 
and “location of the station in the lagoon” factors had similar 
influences, with 11 to 16% of the root mean square predic-
tion error. The “presence/absence of vegetation” factor had 
the smallest influence (Supplementary Figure S3). Regard-
ing “sampling survey” effects, MP concentrations were sig-
nificantly (p < 0.001) higher in August 2019 and significantly 
(p < 0.001) lower in February 2020 (Table 3) than in May 
2019. Similarly, stations further away from the coastline had 
significantly lower (p < 0.001) concentrations than stations 
closer to the coastline. Compared to stations in the channel, 
the stations in the northern and southern areas of the main 
body of the lagoon had significantly lower MP concentra-
tions (p = 0.003 and 0.031 for the northern and southern 
stations, respectively). Also, stations with average levels of 
anthropogenic pressure contained significantly higher lev-
els of total MPs (p = 0.014) compared to those with lower 

pressure levels. In addition, stations covered with vegeta-
tion showed significantly higher concentrations of total MPs 
(p = 0.037) than those with non-covered sediments (Table 3).

Table 4 shows the process of selecting the best mul-
tinomial logistic regression model with different combi-
nations of covariates using AIC as the criterion. Table 5 
shows the coefficients and p-values of the multinomial 
logistic regression models. Taking into consideration the 
composition of different microplastic shapes (i.e., propor-
tions of fibers, fragments, and films) as the response vari-
able, the model considering only the “sampling survey” 
covariate was found to be the best model, with the low-
est AIC value (Table 4). This indicates that the “sampling 
survey” factor had significant effects on the composition 
of microplastic shapes. Compared to plastic fibers, frag-
ments occurred more frequently in December 2019 than 
in May 2019 (p = 0.056; Table 5). Considering the com-
position of microplastic color (i.e., proportions of clear, 
white, blue, black, red, green, and yellow microplastics), 
the model combining both “sampling survey” and “prox-
imity to coastline” covariates was the most supported by 
the data, with the lowest AIC value. This indicates that 
“sampling survey” and “proximity to the coastline” had 
significant effects on the composition of microplastic 
color. There were significantly fewer blue microplastics in 
August 2019 than in May 2019 (p = 0.001), significantly 
fewer red microplastics in December 2019 than in May 
2019 (p = 0.006), and significantly more green and red 
microplastics at stations further from the coastline than at 
stations closer to the coast (p = 0.002 and 0.009, respec-
tively; Table 5). Considering the composition of micro-
plastic polymer types (i.e., proportions of PE, PP, PVC, 
and PET) as the response variable, the null model without 
any covariates was the most supported by the data, with 
the lowest AIC value (Table 4), indicating therefore that 
microplastic polymer composition was not affected by any 
of the covariates tested. The plots of non-metric dimen-
sional scaling showing the distribution of total MP-based 

Table 2  Selection of the best 
model with the total number of 
microplastics as the response 
variable and the optimal set of 
covariates using generalized 
linear model

Covariates included anthropogenic pressure level (P; low, average, and high), proximity to the coastline 
(CCoast; close and far) and freshwater streams (CFresh; close and far), location of the stations (Loc; channel, 
northern or southern), sampling survey (S; May 2019, August 2019, December 2019, and February 2020), 
substrate type (Sub; muddy, sandy, and sandy-muddy), presence of vegetation (V), depth in meters (Dep), 
and temperature in degree Celsius (T). The candidate model with the lowest value of Akaike Information 
Criterion difference (dAIC) was selected as the best model. + indicates inclusion in the model

P CCoast CFresh Loc S Sub V Dep T dAIC

 +  +  +  +  + 0.00
 +  +  +  +  +  + 1.71
 +  +  +  +  +  + 1.78
 +  +  +  +  +  + 1.97
 +  +  +  +  + 1.97

 +  +  +  + 2.13

Table 3  Coefficient estimates of the best model, and corresponding 
standard errors (SE) and p values

The reference levels were May 2019 for sampling survey, close for 
proximity to the coastline, lagoon channel for location in the lagoon, 
low for anthropogenic pressure level, absence for the presence/
absence of vegetation

Covariates Estimates SE p

Sampling survey: December 2019 0.095 0.113 0.398
Sampling survey: August 2019 0.716 0.100  < 0.001
Sampling survey: February 2020  − 0.478 0.132  < 0.001
Proximity to the coastline: Far  − 0.565 0.117  < 0.001
Location in the lagoon: Northern  − 0.538 0.182 0.003
Location in the lagoon: Southern  − 0.336 0.156 0.031
Anthropogenic pressure level: Average 0.248 0.101 0.014
Anthropogenic pressure level: High 0.165 0.166 0.320
Presence/absence of vegetation: 

Presence
0.202 0.097 0.037
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Table 4  Selection of the best 
model for multinomial logistic 
regression with three types of 
multinomial response variables 
(RV): (1) microplastic shape 
(shape; fiber, fragment, and 
film), (2) microplastic color 
(color; clear, white, blue, black, 
red, green, and yellow), and (3) 
microplastic polymer (Poly; PE, 
PP, PVC, and PET) and subset 
of covariates

The importance of covariates is ranked according to Table  2 and Supplementary Figure S1. The best 
model is represented by having a dAIC value of 0. S, sampling survey; CCoast, proximity to the coastline; 
P, anthropogenic pressure level; Loc, location in the lagoon; V, presence/absence of vegetation; Sub, 
substratum type; CFresh, proximity to freshwater streams; Dep, water depth (m); T, seawater temperature 
(°C)

RV S CCoast P Loc V Sub CFresh Dep T dAIC

Shape Null 4.39
 + 0.00
 +  + 0.64
 +  +  + 5.07
 +  +  +  + 11.92
 +  +  +  +  + 14.65
 +  +  +  +  +  + 15.59
 +  +  +  +  +  +  + 16.10
 +  +  +  +  +  +  +  + 18.14
 +  +  +  +  +  +  +  +  + 21.07

Color Null 18.44
 + 9.41
 +  + 0.00
 +  +  + 12.10
 +  +  +  + 15.38
 +  +  +  +  + 21.63
 +  +  +  +  +  + 34.24
 +  +  +  +  +  +  + 39.74
 +  +  +  +  +  +  +  + 35.27
 +  +  +  +  +  +  +  +  + 38.67

Poly Null 0.00
 + 5.44
 +  + 4.61
 +  +  + 7.88
 +  +  +  + 12.93
 +  +  +  +  + 15.91
 +  +  +  +  +  + 23.77
 +  +  +  +  +  +  + 27.03
 +  +  +  +  +  +  +  + 29.32
 +  +  +  +  +  +  +  +  + 26.93

Table 5  Coefficients (p values 
between parentheses) of the best 
multinomial regression model. 
Those with p values < 0.05 were 
marked in bold

Response variable Sampling survey: 
August 2019

Sampling survey: 
December 2019

Sampling survey: 
February 2020

Proximity to 
the coastline: 
Far

Microplastic shape (reference = fiber)
Film 0.423 (0.266) 0.629 (0.300) 0.542 (0.550)
Fragment 0.224 (0.701) 0.242 (0.056) 0.301 (0.622)
Microplastic color (reference color = clear)
Black  − 0.125 (0.756)  − 0.235 (0.615) 0.732 (0.116) 0.012 (0.976)
Blue  − 0.899 (0.001)  − 0.295 (0.311)  − 0.267 (0.938)  − 0.581 (0.074)
Green  − 0.918 (0.147)  − 9.640 (0.835)  − 1.042 (0.353) 1.888 (0.002)
Red  − 0.761 (0.065)  − 2.136 (0.006)  − 1.277 (0.107) 1.026 (0.009)
White  − 0.200 (0.505)  − 0.044 (0.895) 0.139 (0.725) 0.157 (0.569)
Yellow  − 1.307 (0.093)  − 9.394 (0.839)  − 0.898 (0.429) 0.486 (0.561)
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microplastic shapes, colors, and polymer types are shown 
in Supplementary Figure S4.

Discussion

In spite of the exponential increase in studies on the 
contamination of marine environments with plastic, there 
are still few works focusing on this environmental threat on 
semi-closed environments such as lagoons (Vianello et al. 
2013; Mathalon and Hill 2014). Most studies conducted 
along Mediterranean coasts, including in coastal lagoons, 
are based on single sampling surveys rather than seasonal 
sampling, which may help to better understand the dynamics 
of plastic contaminants on different components of lagoon 
systems. The present work is the first seasonal and spatial 
characterization of MPs contaminating surface sediments 
of the northern Tunisian lagoon of Bizerte. The findings 
of this work can serve as a model to better understand 
seasonal dynamics of MPs in lagoons which have been 
heavily impacted by human activities, especially along the 
southern Mediterranean coast. The highest concentrations 
of MPs were recorded in August 2019 and December 2019, 
which is likely to be due to the agitated status of the lagoon 
sediments during these months. In fact, it is known that 
shipping activities inside the lagoon, by both fishermen 
and visiting tourists, are much more important during these 
temporal periods (Yahyaoui 2018). This may also be the 
consequence of increased MP inputs through atmospheric 
transmission and precipitation during the rainy season, as 
pointed out by Abbasi et al. (2019) and Dris et al. (2016). 
Within this context, it is worth noting that atmospheric 
transport of MPs was reported by various authors to be 
one of the major modes of transport and delivery of plastic 
particles to very distant aquatic environments, including 
deep-sea areas (Zhang et al. 2020).

The interannual variation in the chemical composition 
of microplastics observed in the surface sediments of the 
Bizerte lagoon may be linked to the very marked seasonality 
of water flow of freshwater streams in the Maghreb 
(Djellouli-Tabet 2010; Varis et al. 2019). In fact, it has been 
observed that periods of lower freshwater runoff into the 
Mediterranean have resulted in higher percentages of PE, 
while periods of intense rainfall led to a decrease in the 
rate of PE observed on the coast (Gündoğdu et al. 2018). 
Furthermore, in southern India, where marked seasonality 
exists, the dry season also results in higher percentages of PE 
in marine waters than during wet periods (Veerasingam et al. 
2016). Thus, the observations of the PP/PE ratio made in 
our study could reflect a change in chemical composition at 
the source. In fact, it is possible that in winter, plastics lying 
on land are carried toward the lagoon by runoff, leading to 
a higher increase of PP than during the summer (Gündoğdu 

et al. 2018). It is also interesting to note that in May and 
December, months for which the number of microplastics 
collected are comparable, the distribution of microplastic 
density in the sediments of the Bizerte lagoon does not show 
the same pattern. Indeed, microplastics collected in May 
seem to be distributed near the coast. This pattern could be 
explained by a lower propagation of microplastics, perhaps 
linked to a lower rate of flow by freshwater streams feeding 
into the Bizerte lagoon. In December, on the contrary, 
microplastics seem to be more widely dispersed and could 
therefore be attributed to a higher rate of flow by these 
streams.

The average concentration of MPs estimated in the sedi-
ments of the Bizerte lagoon (63.8 ± 30.9 items  kg−1 DS; 
range: 33.2–109.6 items  kg−1 DS) was found to be within the 
range of concentrations reported in the sediments of other 
continental and lagoon environments. The overall average 
MP concentration estimated herein was far below those 
recorded in other Mediterranean and Atlantic lagoons and 
estuaries such as the Venice lagoon, Italy (1445.2 items  kg−1 
DS; Vianello et al. 2013); the intertidal ecosystem surround-
ing Halifax Harbor, Canada (4100 items  kg−1 DS; Matha-
lon and Hill 2014); and in the north-east Atlantic Ocean 
(421 items  kg−1 DS; Maes et al. 2017). It was, however, far 
higher than the concentrations recorded in the Tyrrhenian 
Sea (1.7 items  kg−1 DS; Mistri et al. 2020) and the inter-
tidal plain of the Northeast coast of Brazil (3.5 items  kg−1 
DS; Costa et al. 2011) (Table 6). Harris (2020) reported 
that the median concentration of MPs in the sediments of 
estuarine and lagoon environments, based on the results of 
19 studies, reaches ~ 300 items  kg−1 DS, which is nearly five 
times higher than the average concentration of MPs in the 
sediments of the Bizerte lagoon. This can be explained by 
the effects of several environmental factors, including the 
type of sediments (sandy, muddy, or sandy-muddy), tidal 
and wave activity, and level of coastal anthropization (Harris 
2020). This can also be explained by the different size ranges 
targeted in the various studies conducted around the globe. 
Compared to tide-dominated and wave-dominated estua-
rine and deltaic environments, lagoon environments exhibit 
higher median concentrations of MPs in their sediments 
(~ 800 MP items  kg−1 in lagoons versus ~ 150 and ~ 300 MP 
items  kg−1 in tide-dominated and wave-dominated estuarine 
and deltaic environments, respectively; Harris 2020). The 
high concentration of MPs in lagoon sediments is likely to 
be due to their sediment trapping efficiency, which is higher 
for lagoons and wave-dominated estuaries than for tide-
dominated environments (Harris and Heap 2003). Moreo-
ver, the concentrations of MPs in surface sediments were 
reported to correlate with grain size (Maes et al. 2017; Mu 
et al. 2019). Unfortunately, in our study, we did not measure 
sediment grain size to test the correlation of this variable to 
MP concentrations, although some previous studies found 
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no statistically significant relationship between these two 
variables (Mathalon and Hill 2014; Nor and Obbard 2014; 
Peng et al. 2017; Alves and Figueiredo 2019).

Similar to other studies on MPs in the sediments of 
lagoon environments (Mathalon and Hill 2014; Sruthy and 
Ramasamy 2017), fibers were identified as the most common 
type of MPs in the sediments of the Bizerte lagoon, with 
high percentages varying between 57.0 and 66.7% through-
out the year. In contrast, our records were far higher than 
those found by Vianello et al. (2013) in the Venice lagoon 
(Italy; only 10%). According to Harris (2020), the preva-
lence of fibers in sediments depends on the nature/type of 
marine environment. While fibers dominate more in beach 
(median value = 90%) and deep-sea environments (median 
value = 75%), they are less common in wave-dominated 
estuaries and shelves (median value = 70%), tide-dominated 
shelves (median value = 63%), shallow coastal environ-
ments (median value = 61%), and tide-dominated estuarine 
systems (median value = 49%) (Harris 2020). Khatmullina 
and Isachenko (2017) attributed the prevalence of fibers in 
sediments to their enhanced buoyancy (due to their high sur-
face area to mass ratio), which seems to facilitate their con-
centration on beaches and in coastal areas such as lagoons. 
Since plastic fibers are known to be derived mainly from 
washing clothes and domestic wastewater (Browne et al. 
2011; Napper and Thompson 2016), their prevalence in the 
sediments of the Bizerte lagoon indicates that the intensive 
domestic wastes imposing on this aquatic system have not 
been controlled. It is worth mentioning that concentrations 
of microplastics were also found to depend on the presence/
absence of vegetation. Sediments covered with algae and/or 
seagrass were found to retain many more microplastics. This 
is in agreement with the findings of other studies highlight-
ing the role of vegetated coastal habitats as sinks for plastics 
(Martin et al. 2020).

Our results made it possible to define plastic pollution 
hotspots in the lagoon of Bizerte. These are located mainly 
next to developed areas along or near the coast. These hot-
spots are limited to the zones exposed to coastal urban, 
industrial, and agricultural areas (the lagoon channel; areas 
next to the towns of Menzel Bourguiba, Menzel Abderrah-
mane, Menzel Jemil, Azib, and Jouaouda; and areas opposite 
to freshwater streams/Wadis such as Wadi Tinja and Wadi 
Ben Hassine; Fig. 1). The same plastic pollution hotspots 
were identified during all seasons, indicating that the sources 
of plastic contamination posing on the Bizerte lagoon are 
the same throughout the year, and that microplastic inputs 
from atmospheric transmission and precipitation (rain) are 
minor compared to land-based sources. This does not match 
with the findings of Wang et al. (2021), who noted seasonal 
variations in the contents of MPs in the Manas River Basin, 
China, related to seasonal changes in atmospheric transmis-
sion and precipitation. These regional variations could be 
explained by variability of anthropogenization and coastal 
development in the two studied areas, as well as variability in 
the efficiency of plastic waste management. Along its coast, 
the Bizerte lagoon is known to host several urban, industrial, 
and agricultural complexes that generate significant quanti-
ties of plastic waste, much of which ends up in the waters 
and/or sediments of this water body (Wakkaf et al. 2020b). 
According to the 2010 report of the Tunisian Agency for the 
Promotion of Industry and Innovation (APII 2010), many 
plastic-producing (and/or by-producing) industries, such as 
shoe/textile factories, plastic and tire factories, food indus-
try appliance factories, and electrical/electronics factories, 
have been located along the coast of the lagoon. Signifi-
cant quantities of plastic waste produced by these factories 
or generated by adjacent urban and agricultural areas are 
likely to contaminate the aquatic environment of the Bizerte 
lagoon. The plastic pollution problem seems to be intensified 

Table 6  Comparison of average concentrations of microplastics (MPs; items kg.−1 DS) in surface sediments and their ranges (given between 
parentheses) from different regions around the globe

Sea Region (country) Lagoon/estuary Average MP concentrations in surface 
sediments (items kg−1 DS)

Reference

Mediterranean Sea Bizerte lagoon (Tunisia) Lagoon 63.8 (33.2–109.6) Present study
Mediterranean Sea Venice Lagoon (Italy) Lagoon 1445.2 (672–2175) Vianello et al. (2013)
Mediterranean Sea Piombino channel

(northern Tyrrhenian Sea)
Estuarine 1.70 (0.43–4.0) Mistri et al. (2020)

Atlantic Ocean Intertidal ecosystem 
surrounding Halifax 
Harbor (Nova Scotia, 
Canada)

Lagoon 4100 (2000.0–8000.0 according to tide level) Mathalon and Hill (2014)

Atlantic Ocean Northeast coast of Brazil Estuarine 3.5 Costa et al. (2011)
Atlantic Ocean North-East Atlantic 

(Belgium, UK, France, 
and Netherlands)

Estuarine 421.0 (0–3146) Maes et al. (2017)
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by the absence of an efficient management process for the 
discharge of pollution in the region of Bizerte (Wakkaf et al. 
2020b). For instance, significant quantities of diverse kinds 
of meso-, macro-, and megaplastics encountered along the 
coastal area of the Bizerte lagoon indicate that domestic 
wastes (including plastics) are not well managed in this 
region (Fig. 7) and that many uncontrolled points of dis-
charge exist in the areas surrounding the lagoon (Wakkaf 
et al. 2020b). These unmanaged/uncontrolled plastic waste 
can easily be transported by wind or runoff into the aquatic 
system of the Bizerte lagoon. Because of unmanaged plas-
tic waste, plastic pollution is quite common in the marine 
environment in many non-developed countries (Garcia et al. 
2019; Cordova and Nurhati 2019).

The total number of MP particles and mass contained 
in the upper 5 cm layer of surface sediments in the Bizerte 
lagoon (9.96 ×  1010 particles; ~ 248.97 t) was found to be ~ 6 
times higher than that estimated in the upper 25-cm layer of 
surface waters in the same lagoon (16.99 ×  109 items; 42.47 
t; Wakkaf et al. 2020b). This proves that the sediments of 
the lagoon act as a sink for plastics. Trapping of microplas-
tics in the sediments seems to be enhanced by various envi-
ronmental factors, including the properties of the sediment 
(mostly muddy and sandy in the lagoon), trapping of plastics 
by vegetation (seagrass and algae), and low hydrodynam-
ics in the lagoon. All these factors are likely to contribute 
to mechanic and sedimentary trapping of plastic particles. 

This finding leads to the deduction that the vegetated cover 
of the lagoon sediments will continue to degrade and regress 
because of the continuous input of pollutants (industrial, 
agricultural, and urban wastes; El Zrelli et al. 2021), which 
is likely to lead to the remobilization of sediment-trapped 
MPs and exacerbate the impact on the fragile ecosystem of 
the Bizerte lagoon. Moreover, climate change represented 
mainly by torrential rains in the region is likely to lead to 
severe changes in the current spatial distribution of MPs 
and flux between water and sediment compartments (due 
to an increase in MP flux and higher hydrodynamics in 
the lagoon). It is also possible that the aquatic plants and 
algae covering the sediments of the Bizerte lagoon could 
be affected by climate change and that they might not be 
able to adapt to an increase in temperature, with serious 
consequences on their survival and on the retention of MPs 
in the sediments. Thus, it is extremely urgent to take action 
immediately to enact an efficient program to manage the 
sources of plastic pollution in the Bizerte lagoon. Otherwise, 
the future scenarios of the distribution and abundance of 
plastic pollution in this aquatic system may depend on other 
uncontrollable parameters, such as climate change and the 
gradual suspension of MPs trapped in sediment.

Fig. 7  Photos showing some of the unmanaged/uncontrolled plastic waste observed along the coast of the Bizerte lagoon
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Conclusion

The present work endeavored to study the seasonal patterns 
of microplastic contents in the surface sediments of the 
Bizerte lagoon (northern Tunisia), a Mediterranean lagoon 
heavily impacted by human activities, and to identify plastic 
pollution hotspots in this aquatic system. The concentrations 
of total MPs varied significantly between the four sampling 
surveys, with the highest levels recorded in August 2019 
(109.6 ± 59.8 items  kg−1 DS) and the lowest in February 
2020 (33.2 ± 22.0 items  kg−1 DS). In contrast to the 
observed temporal changes in the concentrations of total 
MPs, plastic polymer composition was not found to differ 
significantly among the sampling surveys. Spatial variations 
in the concentrations of MPs did not vary significantly in 
the lagoon by sampling survey, with the highest records 
in the same zones throughout the year. Pollution hotspots 
were located mainly in coastal zones subjected to human 
pressures (urban, industrial, and agricultural complexes), 
but also in areas of major runoff and inflow of freshwater 
streams/Wadis. The most significant sources of plastic 
pollution contaminating the lagoon of Bizerte are land-
based, indicating a clear problem of uncontrolled and/
or unmanaged plastic waste in the region. The findings of 
the present work represent an important baseline for future 
monitoring of plastic pollution in the Bizerte lagoon and 
can help decision makers to adopt an efficient environmental 
management plan aiming to reduce the impact of plastic 
pollution in this lagoon. Developing and executing such 
an environmental management plan is extremely urgent to 
reduce the hazardous impacts of plastic contaminants on 
local fauna and humans and to ensure the sustainability 
of natural resources related to the aquatic system of the 
Bizerte lagoon. The key steps toward the success of any 
environmental management strategy should focus on (i) 
setting up an efficient management plan of domestic wastes 
(including plastic); (ii) banning uncontrolled domestic waste 
dumping sites, in particular in the plastic pollution hotspots 
identified in this work; and (iii) reducing the flow of plastic 
wastes from surrounding freshwater streams.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11356- 022- 21129-6.
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