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Abstract
The eastern edge of the Djerba Island represents an important tourist pole. However, studies describing the environmental

processes affecting this Island are scarce. Although never studied before, the peculiar Djerba lagoon is well known by the

local population and by tourists. In July 2014, surface sediment and seawater samples were collected in this lagoon to

measure grain size, organic matter content and living foraminiferal assemblages to describe environmental conditions.

Seawater samples were also collected and the concentration of 17 chemical elements were measured by ICP-OES. The

results show that a salinity gradient along the studied transect clearly impacts seagrass distribution, creating different

environmental conditions inside the Djerba lagoon. Biotic and abiotic parameters reflect a transitional environment from

hypersaline to normal marine conditions. Living benthic foraminifera show an adaptation to changing conditions within the

different parts of the lagoon. In particular, the presence of Ammonia spp. and Haynesina depressula correlates with

hypersaline waters, whilst Brizalina striatula characterizes the parts of the lagoon colonized by seagrass. Epifaunal species,

such as Rosalina vilardeboana and Amphistegina spp. colonize hard substrata present at the transition between the lagoon

and the open sea.
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1 Introduction

Coastal lagoons are present in all continents and are water

bodies, generally parallel to the coast line, and separated

from the ocean by barriers and by one to more inlets. Water

salinity can vary from very low (fresh water) to high

(hypersaline conditions), depending on the hydrological

balance (Kjerfve 1994).

A large number of lagoons are present in the Mediter-

ranean Sea. One of the largest and thoroughly studied

mainly because of the intense anthropogenic impacts (e.g.,

tourism) is the Venice lagoon in Italy (e.g. Sfriso et al.

1987, 1992; Livingstone et al. 1995; Bellucci et al. 2002).

Additional lagoons along the Italian coast have also been

investigated (Bouchet et al. 2018). Other lagoons like Berre

and Thau (France) (e.g. Arfi 1989; Point et al. 2007;

Chambouvet et al. 2011; Delpy et al. 2012); Mar Menor

(Spain) (e.g. Garcı́a-Pintado et al. 2007); Paradeniz (Tur-

key) (e.g. Türkmen et al. 2011); and Marina (Egypt) (e.g.

El-Gamal et al. 2012) have been studied as a consequence

of anthropogenic practices (e.g., tourism, agriculture,

sewage) leading to pollution concerns. Along the Tunisian

coast, the Bizerte, Ghar El Melh (e.g. Chouba et al. 2007)

and El Bibane lagoons (Vela et al. 2008) are known to be

impacted by heavy metals, organic pollutants. The most

studied is the Bizerte lagoon, located in the northern part of

Tunisia (e.g. Mzoughi et al. 2005; Dridi et al. 2007; Louiz
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et al. 2008; Ben-Ameur et al. 2012; Martin et al.

2015, 2016). The high population density and the industrial

activities around this large (over 150 km2) lagoon represent

an environmental threat. The lagoon of Bizerte is therefore

of major interest to assess its environmental quality

(Martins et al. 2015 and references therein). Although a

large part of the Tunisian costal environments have been

studied, some important areas were neglected or poorly

investigated. For example, the Eastern edge of the Djerba

Island is one of the least explored regions in Tunisia, where

only grain size distribution related to the dynamic of

coastal currents has been studied (Brahim et al. 2014).

Located in front of the south-eastern coast of Tunisia,

the Djerba Island is the largest island (Fig. 1) and is sur-

rounded by the Gulf of Gabes to the North and by the

Boughrara lagoon to the South-east. Approximatively 2 km

long and 200 m wide, the Djerba lagoon can be considered

as small in comparison to the other Tunisian lagoons. Its

northern and western parts are the shallowest whereas the

southern part is the deepest. A natural channel connects the

lagoon to the sea. Based on the classification of Kjerfve

(1986), the Djerba lagoon is a choked lagoon as it connects

to the Sea by a single channel. Tidal currents acting along

the eastern coast of Djerba modulate the hydrology of the

lagoon (Brahim et al. 2014) because tides in this region are

some of the highest in the Mediterranean Sea (Sammari

et al. 2006). The water depth inside the lagoon varies

depending on the tide amplitude although it never exceeds

2 m, following the semidiurnal tide, and the water flows

out of the lagoon twice a day.

Most coastal areas in the world are impacted by some

level of pollution (Shahidul and Tanaka, 2004) and coastal

lagoons are especially vulnerable to anthropogenic

activities because they represent ideal environments for

different economical activities such as fishing, aquaculture,

tourism and agriculture which affect their ecology (Gamito

2008 and references therein). The geographical position of

the Djerba lagoon makes it particularly exposed to

anthropogenic-related pollution since tourism is very

intense especially during summer.

The arid climate in southern Tunisia, has also a strong

impact on the environmental setting of the Djerba lagoon.

High temperature, low precipitation, changing circulation

patterns and the heterogeneity of the sediments in the

lagoon may impact and influence environmental conditions

of the ecosystems within a few meters.

Benthic foraminifera have been used since the 1960s to

describe marine environments (e.g., Schönfeld et al. 2012).

Their high density in marine sediments, high species

variability, short life cycle and the good preservation of

tests in marine sediments make these organisms an ideal

tool to describe and monitor marine environments (Gooday

2003; Jorissen et al. 2007; Schönfeld et al. 2012). Coupling

investigations on living benthic foraminiferal assemblages

with environmental parameters (e.g., physiochemical

parameters, grain size, and sedimentary facies) may allow

to better understand the environmental and ecological

conditions in the Djerba lagoon. Availability of organic

matter (OM) in sediments, representing as a food source,

can influence the benthic species distribution, including

foraminifera (e.g., Martins et al. 2015).

Eutrophication of marine environments can be the result

of anthropogenic activity, which is induced by an

increasing supply of OM into the ecosystems (Nixon

1995). The eutrophic state of marine environments can be

described using OM (and its compounds) as a proxy

because it reflects a higher primary productivity due to the

increase of nutrient input (Dell’Anno et al. 2002, Martin

et al. 2015, 2016).

Heavy metals, although minor elements in seawater, are

also good pollution and/or anthropogenic indicators (Cal-

lender 2003).

The aim of this study is to describe for the first time the

Djerba lagoon by investigating hydrodynamic patterns,

seagrass meadow distribution and water physiochemical

parameters. This approach will allow to describe the

environmental conditions that characterize the different

parts of the lagoon and to correlate them with living ben-

thic foraminiferal distributions. This study also provides a

preliminary assessment of the anthropogenic impact on this

lagoon.

Fig. 1 Location maps of Tunisia and Djerba Island. a Map of Tunisia

with location of Djerba Island. b Map of the eastern part of Djerba

Island with location of the lagoon
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2 Material and methods

2.1 Sampling and station description

Ten stations have been sampled (LA-01 to LA-10) in the

Djerba lagoon on July 2014. Stations are located along a

transect from the internal to the external part of the lagoon

(Table 1 and Fig. 2). Most of the stations are located inside

the lagoon, only station LA-10 is located outside the

lagoon on the rocky substrate on the eastern side of the

lagoon.

For each station, surface grab sediment (the first cen-

timeter) and seawater samples were collected. Two sub-

samples were collected: (1) approximatively 15 cm3 of

sediment per station were collected in falcon tubes for

geochemical analyses (Rock–Eval, stable carbon isotope

ratio of OM, C, H, N elemental analysis) and were stored at

4 �C; (2) around 50 cm3 of surface sediment samples were

collected for living (stained) foraminiferal assemblage

analysis following Schönfeld et al. (2012) protocols. Sed-

iments were placed in a rose Bengal solution (2 g/L in

alcohol at 90%) for at least 14 days to stain living for-

aminifera. At station LA-10 two different sediment sam-

ples were taken: (i) sediment layout on the bottom of

cavities (LA-10a) (ii) sediment trapped in the algal carpet

(LA-10b). Both samples (LA-10a and LA-10b) were also

analyzed for living foraminifera, only the sediment trapped

in the algae carpet were used for geochemistry.

At each station, 120 mL of surface seawater samples

were collected in high density polyethylene Nalgene�

bottles. Seawater samples were acidified (pH 1) by adding

5 mL of concentrated nitric acid to avoid precipitation of

coordination complexes and were stored at 4 �C.

2.2 Sediment and seawater analysis

Surface sediment samples for geochemical analysis were

dried in a ventilated oven at 35 �C until reaching a constant

weight. Rock–Eval analyses were performed on

approximatively 100 mg of bulk surface sediment previ-

ously crushed in an agate mortar. Rock–Eval analyses were

performed following Rock–Eval6 technology to obtain

total organic carbon (TOC) content (wt%), hydrogen index

(HI), oxygen index (OI), S1 S2 and S3 peaks, maximal

temperature (Tmax) and mineral carbon (MINC) content on

approximately 100 mg bulk sediment. HI correspond to the

free hydrocarbons present in the sample (mg HC/g TOC,

measured on S1 peak) and OI to the amount of hydrocar-

bons containing oxygen that are produced during the

thermal cracking of kerogen (mg CO2/g TOC, measured on

S2 and S3 peaks). Tmax is measured at the maximum of S2

peak. High temperatures (up to 850 �C) allow MINC

determination through mineral carbon oxidation (Espitalié

et al. 1985; Lafargue et al. 1998).

Total carbon, hydrogen and nitrogen (C, H, N) contents

(in wt%) were measured in the surface sediment samples

using a Thermo Finnigan Flash EA 1112 gas chromatog-

raphy analyser. Rock-Eval and C, H, N analyses were

performed at the laboratory of Sediment Geochemistry at

the University of Lausanne on approximately 100 mg bulk

sediment.

Carbonate minerals in surface sediment were dissolved

using a 10% HCl solution at 50 �C. This process was

repeated twice and the sediment was rinsed with milli-Q

water. Stable carbon isotope ratio of OM (d13COM) from

surface sediment samples were measured at the

Stable Isotopes Laboratory of the University of Lausanne

by flash combustion on a Carlo Erba 1108 elemental

analyser connected to a Thermo Fisher Scientific Delta V

Plus isotope ratio mass spectrometry that was operated in a

continuous helium flow mode via a Conflo III split

interface.

Major elements (Na, Mg, S, K, Ca and Sr) and trace

elements (Li, Al, Si, P, Cr, Mn, Fe, Ni, Cu, As, and Cd)

were measured in seawater samples by inductively coupled

plasma optical emission spectroscopy (ICP-OES) at ATI

Aquaristik lab at Hamm in Germany. Measurements were

performed with a Spectro Arcos 2 ICP-OES analyser with

Table 1 GPS coordinates of the

investigated stations together

with their simplified sediment

descriptions

Station Description GPS coordinate (DM)

LA-01 Fine sand with abundant black gastropods N33�48.4190/E011�02.9660

LA-02 Fine sand with abundant black gastropods N33�48.3000/E011�02.9550

LA-03 Fine sediment with abundant burrows N33�47.9550/E011�02.9660

LA-04 Fine sediment with abundant burrows N33�47.7570/E011�03.0110

LA-05 Fine sand N33�47.6050/E011�03.0950

LA-06 Quartz sand with Posidonia oceanica meadow N33�47.4660/E011�03.2070

LA-07 Quartz sand with Posidonia oceanica meadow N33�47.3480/E011�03.3460

LA-08 Fine sand N33�47.3700/E011�03.3840

LA-09 Quartz sand with Posidonia oceanica meadow N33�47.4800/E011�03.5240

LA-10 Rocky substrate (beachrock) N33�47.6140/E011�03.6110
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four points of calibration for major elements and eight

points of calibration for trace elements. For each sample

and each chemical element, four measurements were per-

formed and corresponding average values were calculated.

Every five measurements, a control sample was measured

to check the stability of the plasma torch and to avoid any

shift during the set of measurements.

Concentration factors (CF) were calculated from the

ICP-OES data set. The concentration of each element and

of each sample was divided by the concentration of a ref-

erence seawater sample, considered as representing normal

seawater conditions. Station LA-10 was chosen as the

reference site to represent values of seawater because it is

located outside the lagoon.

Grain size analysis was performed on the stained (rose

Bengal) surface sediments. The samples were wet sieved

through four mesh sieves: 500, 250, 125 and 63 lm. Each

fraction (\ 63, 63–125; 125–250; 250–500 and[ 500 lm)

was dried in a ventilated oven at 35 �C and weighed to

calculate the proportion (wt%).

Following the FOBIMO protocols (Schönfeld et al.

2012), stained foraminifera were picked from plummer

cells for each size fraction. Taxonomy was done to species

level following the work of Cimerman and Langer (1991),

Hottinger and Halicz (1993), Loeblich and Tappan (1994),

Fig. 2 2D maps of the Djerba lagoon with the distribution of flora, fauna and sediment characteristics and distribution of the different facies
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Milker and Schmiedl (2012). Quantitative data were treated

with the software Primer 6 (Clarke and Gorley 2006). The

number of living foraminifera (for each species) per sam-

ples was standardize for an equivalent volume of sediment

of 100 cm3, then the data set was double square root

transformed to limit the contribution of most abundant

species (Field et al. 1982). The Bray–Curtis (dis-)similarity

was calculated and used to obtain the non-metric Mul-

tiDimensional Scaling-nMDS plots. The contribution of

each species to the total average similarity and dissimilarity

between different groups and within single groups where

determined by using the similarity percentage analysis

(SIMPER). The density of living foraminifera was calcu-

lated for every station by dividing the number of living

specimens by the total volume of sediment. To compare the

diversity pattern of living (stained) benthic foraminifera, in

addition to the number of species per stations, the Shannon-

Index (H0) and Fisher’s a Index were calculated with the

software Primer 6 (Clarke and Gorley 2006).

3 Results

3.1 Sedimentary and environmental facies

Based on the visual sample description and in situ obser-

vation of the sampling sites, five facies were distinguished

(Fig. 2):

• Facies A groups stations LA-01 and LA-02, it corre-

spond to the inner part of the lagoon. The main

characteristic of this facies is the abundance of living

Cerithium vulgatum (gastropod).The numerous furrows

on the sediments’ surface confirm this observation. The

water depth was very shallow in comparison to the

other areas of the lagoon (\ 10 cm).

• Facies B groups stations LA-03 and LA-04. This facies

is characterized by the presence of numerous burrows.

Unfortunately, the organisms responsible for these

burrows were not observed and thus, could not be

identified.

• Facies C groups station LA-05 and LA-08. This facies

does not show any peculiar characteristics, sediments

are close to pure sand. However, station LA-05 is

located on a country road crossing the lagoon.

• Facies D groups stations LA-06, LA-07 and LA-09.

This facies is characterized by the seagrass Posidonia

oceanica.

• Facies E is represented by station LA-10. The bottom is

a consolidated sandstone and is probably beachrock.

However, numerous cavities present are filled by soft

sediments of two types: (i) sediment layout at the

bottom of the cavity (i.e. LA-10a). (ii) sediment trapped

by a carpet of algae on the wall of these cavities (i.e.

LA-10b).

Sediment grain sizes are fairly evenly distributed across

all stations. However, sample LA-10a which is relatively

coarser (Fig. 3) with the fractions[ 500 and 250–500 lm
reaching 71 and 19 wt%, respectively. In addition, samples

LA-07 and LA-09 are dominated by the fraction

125–250 lm ranging between 31 and 40 wt%, respec-

tively. The finest fraction (\ 63 lm) is the least repre-

sented and does not exceed 20 wt% except in sample LA-

01 with values reaching 27 wt%.

3.2 Geochemistry

The results of the geochemical analyses are presented in

Table 2. TOC values are generally very low for all sam-

ples. The maximum TOC content is observed in sample

DJB-10 with 0.9 wt%, however, in general, TOC fluctuates

from 0.07(LA-04) to 0.5% (LA-01). MINC values are

relatively low in the inner part of the lagoon and increase

towards the outer part. Minimum and maximum MINC

values are reached respectively at station LA-04 and LA-09

with 3.62 and 9.04 wt%. The HI values do not fluctuate

significantly among samples varying from 213 (LA-07) to

373 mg HC/g TOC (LA-01), whereas, OI oscillates from

298 (LA-10) to 823 mg CO2/g TOC (LA-06). These data

was used in this study to determine the provenance of the

sedimentary OM (Fig. 4): (i) HI vs OI plot is widely used

to represent the origin of the sedimentary OM, however the

plots are out of the different delimited areas for the kerogen

type. (ii) HI vs Tmax plot indicates a kerogen type IIb

(Delvaux et al. 1990). (iii) S2 vs TOC plot confirms the

type II kerogen (Langford and Blanc-Valleron 1990).

Total nitrogen (TN) contents are low and do not exceed

0.088 wt% (LA-10) with some samples being below the

detection limit (LA-03, LA-04 and LA-06). Total carbon

contents have similar trends as the MINC, with a maximum

of 9.074 wt% for sample LA-10 and a minimum of 3.583

wt% for sample LA-04. Total hydrogen content is rela-

tively high in sample LA-01 with 1 wt% but low for all

other samples, fluctuating from 0.066% (LA-04) to 0.288%

(LA-10). Stable carbon isotopic composition of OM is

similar for all samples, ranging between – 16.7% (LA-04)

to – 14.6% (LA-09).

3.3 Water parameters

Concentration and CF of major and minor elements in

seawater are shown in Tables 3 and 4. In general the lowest

concentrations of major elements are found at station LA-

10. Sodium and magnesium have respectively concentra-

tions of 11,869 and 1399 mg/L. Sulfur has also a relatively
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low concentration with 945 mg/L followed by Ca and K

with respectively 462 and 442 mg/L. Strontium has the

lowest concentration at station LA-10 with only 8.4 mg/L.

An almost two-fold increase in major element concentra-

tions was observed from the external (LA-10) to the

internal parts of the lagoon (LA-01). However, the con-

centration of major elements in seawater is relatively

similar in stations LA-06 and LA-10 and their CF is equal

to 1. For samples between LA-01 to LA-05, the CF did not

exceeded 1.8 for all major elements.

Concentration factors of most minor elements in the

seawater are different than those of major elements.

Generally, the CF of minor elements increased from station

LA-10 to LA-01, with the exception of Cd (CF = 1), As

(CF slightly decreasing from stations LA-10 and LA-01)

and Cr (CF\ 1.4, except for station LA-05). Concentra-

tion factors of Li have similar trends as major elements.

Silicon reaches its highest concentration factor at station

LA-01, with a value of 23.6. Concentration factors of P, Al,

Fe and Mn fluctuate from station LA-10 to LA-01, they

reach maximum factors at station LA-05 and LA-01,

respectively.

3.4 Living foraminifera and multivariate
analyses

Living foraminiferal diversity is relatively high in the

lagoon. Ninety-six living species have been identified

(Online Resource 1). Fourteen species ([ 7% of relative

bFig. 3 a Concentration factor of major elements in seawater along the

transect. b Profile of Djerba lagoon. c Distribution of the ten dominant

foraminiferal species in the lagoon (in %). d Specimen density and

number of species. e Diversity indexes. f Grain size distribution of

surface sediments

Table 2 Rock Eval data, C/H/N elemental content in surface sediment and stable carbon isotopic composition of organic matter

Sample TOC

(wt%)

MINC

(wt%)

HI (mg

HC/g

TOC)

OI (mg

CO2/g

TOC)

Tmax

(�C)
S1

(mg

HC/g)

S2a

(mg

HC/g)

S2b

(mg

HC/g)

S3 Total

nitrogen

(wt%)

Total

carbon

(wt%)

Total

hydrogen

(wt%)

d13C (%)

LA-01 0.5 4.93 373 379 423 0.02 1.87 0 1.9 0.071 5.688 1 - 15.153

LA-02 NA NA NA NA NA NA NA NA NA 0.059 4.618 0.181 - 15.395

LA-03 0.08 4.12 346 738 425 0.01 0.28 0 0.61 0 3.927 0.074 - 16.062

LA-04 0.07 3.62 370 682 425 0 0.27 0 0.5 0 3.583 0.066 - 16.686

LA-05 0.11 4.52 281 564 427 0 0.32 0 0.63 0.013 4.518 0.083 - 16.612

LA-06 0.08 4.17 325 823 426 0 0.25 0 0.64 0 4.393 0.08 - 16.219

LA-07 0.09 5.57 213 697 427 0 0.19 0 0.62 0.026 7.782 0.148 - 16

LA-08 0.29 9.04 250 394 433 0 0.73 0 1.15 0.028 8.867 0.158 - 15.63

LA-09 0.39 8.73 238 352 427 0 0.92 0 1.36 0.031 8.975 0.172 - 14.578

LA-10 0.9 8.36 348 298 417 0.02 3.13 0 2.68 0.088 9.074 0.288 - 16.039

Fig. 4 Kerogen type of the sedimentary organic matter based on Rock–Eval data. a HI (mg HC/g Corg) versus OI (mg CO2/g Corg). b HI (mg HC/

g Corg) versus Tmax (�C). c S2 (mg/g) versus TOC (%)
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abundance on at least one station) represent at least 60% of

all living specimens (LA-10a). The distribution of the 14

most dominant species changes significantly along the

transect (Figs. 3, 5). The inner part of the lagoon is dom-

inated by Haynesina depressula and Ammonia spp.,

although the species Ammonia tepida is only present at

stations LA-01 and LA-02. Brizalina striatula, Glabratella

altispira, Mychostomina revertens become progressively

more abundant from station LA-05 to station LA-10,

although in variable amounts. The abundance of Rosalina

vilardeboana increases significantly from station LA-05 to

LA-06 and is especially abundant at station LA-10b. Ab-

ditodentrix rhomboidalis and Amphistegina lessonii are

present, but only dominant in station LA-10. Specimen

density and number of species per station have similar

trends along the transect (Figs. 3, 5). They are relatively

low in the inner part of the lagoon, especially at station LA-

01 (1.3 specimen/cm3 of sediment and only 4 living spe-

cies). The density of living foraminifera shows an

increasing trend from station LA-01 to LA-10. Some

fluctuation in abundances are observed at station LA-02

and LA-09, station LA-10b has a very high living specimen

density, with 99 specimens/cm3 of sediment. The number

of species shows a continuous increase trend from station

LA-01 to LA-10, except samples LA-09 and LA-10a,

which show a slight decrease in comparison to station LA-

08. Sample LA-10b shows the highest species number with

48 species. Species richness varies from 4 to 48. The

Shannon Index (H0) reaches lowest value on station LA-02

with 0.69 and has the highest score of 2.42 on station LA-

10 (Fig. 3). The Fisher a Index displays values between

0.58 and 11.86. Both diversity Indexes show similar trends

with the number of species per stations (Online Resource

1) and increase from station LA-02 to LA-10 with a

marked decrease on station LA-09.

Based on the Bray–Curtis Similarity and n-MDS plots,

two clusters are identified in the dendrogram. Cluster 1

groups samples LA-01 to LA-07 with Ammonia

parkinsoniana (57.51%), Haynesina depressula (19.45%)

and Elphidium incertum (7.31%) as dominant species and

is interpreted as representing the internal part of the lagoon.

Cluster 2 groups samples LA-08, LA-09, LA-10b and LA-

10b representing the external parts of the lagoon with

Brizalina striatula (21.09%), Rosalina vilardeboana

(18.37%), and Rosalina bradyi (7.12%) as the dominant

species.

4 Discussion

4.1 Impact of water parameters on the marine
flora and macrofauna

Water parameters are important factors controlling the

distribution of the flora and fauna in the marine environ-

ment (Ruivo 1973). In coastal regions, the water parameter

that has a major impact on the distribution and density of

flora and fauna is salinity (e.g. Bulger et al. 1993; Mon-

tague and Ley 1993; Lamptey and Armah 2008). Unfor-

tunately, during the sampling campaign, we were not

equipped to record salinity measurements (e.g., with elec-

trical conductivity meter, refractometer for seawater, sea-

water density meter). Therefore, in the present study, major

elements are used to estimate salinity in the Djerba lagoon.

A clear increase in the concentration of major chemical

elements from the open sea towards the internal part of the

lagoon was observed (Fig. 3). Based on CF the lagoon can

be divided into two parts: (i) an external part close to the

open sea characterized by normal saline seawater with

CF B 1. (LA-06, LA-07, LA-08, LA-09 and LA-10). (ii)

An internal part that can be considered as hypersaline with

a salinity that can be estimated to be around 1.5 times

higher than normal seawater conditions (LA-01, LA-02,

LA-03, LA-04 and LA-05). However, the seawater sam-

pling was performed during the rising tide and it has to be

taken in account that the current probably influences the

Table 3 Concentration (mg/L) and concentration factor of major elements in seawater samples

Sample no Na (mg/L) CFNa Mg (mg/L) CFMg S (mg/L) CFS K (mg/L) CFK Ca (mg/L) CFCa Sr (mg/L) CFSr

LA-01 [ 20,654 1.7 [ 2130.6 1.5 1427.3 1.5 [ 785.19 1.8 [ 771.62 1.7 12.23 1.5

LA-02 [ 20,012 1.7 2100.5 1.5 1412.5 1.5 [ 754.82 1.7 [ 742.92 1.6 11.94 1.4

LA-03 15,035 1.3 1698 1.2 1182.2 1.3 547.76 1.2 553.03 1.2 9.79 1.2

LA-04 14,073 1.2 1617 1.2 1134.2 1.2 512.26 1.2 524.95 1.1 9.41 1.1

LA-05 12,980 1.1 1505.6 1.1 1068.6 1.1 468.38 1.1 494.71 1.1 8.93 1.1

LA-06 12,194 1.0 1418.2 1.0 948.14 1.0 449.82 1.0 464.46 1.0 8.48 1.0

LA-07 12,166 1.0 1414.9 1.0 955.79 1.0 453.78 1.0 468.96 1.0 8.42 1.0

LA-08 11,920 1.0 1400.2 1.0 943.04 1.0 443.69 1.0 459.64 1.0 8.34 1.0

LA-09 11,894 1.0 1399.8 1.0 943.15 1.0 446.9 1.0 474.75 1.0 8.48 1.0

LA-10 11,869 1.0 1399.2 1.0 945.16 1.0 442.67 1.0 462.23 1.0 8.4 1.0
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internal part of the lagoon close to the channel. Stations

LA-06 and LA-07 can be regarded as transitional stations

where the salinity (i.e. CF) can significantly fluctuate

depending to the tide level.

The concentrations of major elements in the internal part

of the lagoon are directly linked to the arid climate. This is

especially true in the summer, when increased evaporation

may increase salinity to hypersaline values (Kjerfve et al.

1996). Reduced seawater exchange between the internal

part of the lagoon and the open sea may also be responsible

for the hypersaline conditions as this is characteristic of

choked lagoons with longer flushing times (Kjerfve 1994).

The entrance of the lagoon may act as a dynamic filter

significantly reducing the strength of tidal current and thus,

seawater flow exchange toward the inside of the lagoon

(Kjerfve 1994). In addition, the arched morphology of the

channel may contribute to decrease the strength of the tidal

current. This difference in the tidal current strength is

expressed by the presence of moving sand banks (Fig. 2)

between the lagoon entrance and the sharp bend of the

lagoon.

A relationship exists between the CF and the P.

oceanica seagrass meadow distribution inside the lagoon of

Djerba. Posidonia oceanica is present only in areas where

the CF does not exceed 1, although P. oceanica is absent in

two stations (LA-08 and LA-10). In the case of station LA-

10 the rocky sea floor may prevent the roots of P. oceanica

from colonizing the substrate, and in case of LA-08

([ 10 cm of the water depth) the very shallow water

conditions may prevent the development and vertical

growth of P. oceanica leaves.

Several studies demonstrated the sensitivity of P.

oceanica to hypersaline conditions (Fernández-Torque-

mada and Sánchez-Lizaso 2005; Gacia et al. 2007; San-

chez-Lizaso et al. 2008). Brine discharges from

desalination plants may increase the salinity of seawater

and have a negative impact on P. oceanica meadows (e.g.,

Platja de Mitjorn on the Island of Formentera; Alicante in

Spain) (Fernández-Torquemada et al. 2005; Gacia et al.

2007). Laboratory experiments have demonstrated that

when seawater salinity exceeds 39.1 psu, marine vegetation

mortality increases, while at 45 psu, 50% of the marine

vegetation died within 15 days. However, P. oceanica is

able to recover to normal growth when exposed to short

hypersaline episodes (Fernández-Torquemada and Sán-

chez-Lizaso 2005).

Google Earth is an efficient tool to observe landscape

evolution through time. Satellite images of Djerba lagoon,

dating back to July 10th 2003, are available on Google

Earth (https://www.google.com/earth/) where the distribu-

tion of Posidonia oceanica is clearly visible on satellite

images. The comparison of images from 2003 with the

present distribution of P. oceanica suggests no spatial/Ta
bl
e
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temporal variation and no seasonal effects. This observa-

tion indicates that the salinity of the Djerba Lagoon has not

changed since 2003.

If the hypersaline environment is not favorable for P.

oceanica, it may possibly provide a suitable ecological

niche for other marine macro-organisms, such as C. vul-

gatum. This marine gastropod is very common along the

Mediterranean Sea coast in shallow water marine ecosys-

tems. The diet of this gastropod consists of diatoms and

epibenthic microalgae (Nicolaidou and Nott 1999).

Hypersaline conditions can be considered as an important

stressor on marine organisms leading to a decrease in

biodiversity, coupled with a reduced competition among

marine organisms. Well-adapted and/or stress-tolerant

organisms to natural fluctuations in environmental condi-

tions can thus proliferate and dominate specific ecological

niches, as C. vulgatum does in the innermost parts of the

lagoon.

4.2 Organic matter: origin and trophic state

Organic matter is an essential food resource in marine

environments and can also impact faunal and/or micro-

faunal distribution (e.g., Whitlatch 1981; Mojtahid et al.

2009). The amount and the origin of this food resource

allows for better understanding of ecological processes in

marine environments (e.g., Whitlatch 1981; Lopez and

Levinton 1987) in addition to providing information on

trophic resources.

Rock–Eval pyrolysis can be successfully used in envi-

ronmental studies to determine the type of kerogen which

indicates the origin of the OM. Type I kerogen is indicative

of lacustrine environments, Type II kerogen of marine

environments and type III of terrestrial environments

(Espitalié et al. 1985). However, some study differentiate

the Type IIa kerogen (marine) and Type IIb (mixed marine/

terrestrial) (e.g., Delvaux et al. 1990). Some limitations on

Rock–Eval pyrolysis exist due to the low TOC content and

where HI and OI should be interpreted with caution. Below

0.3% of TOC, a very limited amount of hydrocarbons can

be produced which may induce low S1 and S2 peaks and

form a wide gentle hump (Nunez-Betelu and Baceta 1994).

In addition, values lower than 0.2 mg HC/g sediment (S2

peak) may influence on Tmax because the S2 peak becomes

broad and low and hen the top of the peak cannot be

accurately defined (Nunez-Betelu and Baceta 1994). The

classical HI versus OI graph prevents a precise determi-

nation of the kerogen type (Fig. 4) because of the high OI

values. Adsorption of CO2 is possibly induced by low TOC

content in the sediments (Table 2) (Nunez-Betelu and

Baceta 1994). In addition high carbonate mineral content

increases the OI during the heating process of Rock–Eval

analysis (Katz 1983) and may therefore represent serious

limitations in the interpretation of the OM content.

The graphs S2 vs TOC and HI vs Tmax (Fig. 4) indicate

that the OM composition is relatively homogenous along

the lagoon of Djerba, and is mainly composed by type II

kerogen. This kerogen type reflects a mix marine and ter-

restrial OM origin (Langford and Blanc-Valleron 1990;

Delvaux et al. 1990). The type II kerogen is mostly com-

posed by amorphous kerogen (e.g. planktonic material) and

exinite (e.g. pollen, cuticle of leave and herbaceous plants).

This mixed provenance of OM can be easily explained: in a

coastal environment, planktonic material can be carried

inside the lagoon by tidal currents, while the terrestrial OM

origin is due to the presence of vegetation such as date

palm trees on the western shore of the lagoon of Djerba.

Organic matter can also come from the seagrass P.

oceanica. This seagrass species presents similarities with

land plants as it possesses cuticles and contains a high

amount of cellulose (Nunez-Betelu and Baceta 1994;

Khiari et al. 2010). Stable carbon isotope composition

signal of OM from surface sediment correlates well with

land plants and with P. oceanica. Enriched d13COM values

([ – 18.5%) is typical for C4 land plants (Smith and

Epstein 1971; Hedges et al., 1997). The d13COM of P.

oceanica ranges from – 19.7 to – 10.8% (Cooper and

DeNiro 1989; Vizzini et al. 2002; Lepoint et al. 2003;

Vizzini et al. 2003), which corresponds to d13COM values

measured inside the lagoon of Djerba (Table 2).

The relatively high TOC content at station LA-10

(Table 2) can be explained by the algae carpet which traps

the sediment, however, we cannot exclude a contribution of

OM from the beachrock itself. Strasser et al. (1989) noticed

organic compounds (e.g. algae, roots residue) in the bea-

chrock from Bahiret el Biban (southeastern Tunisia). In

addition, Vousdoukas et al. (2007) noticed OM associated

with microbial structures in the beachrock. Environmental

conditions in station LA-01 are extreme (high salinity

coupled with high water temperature) and the TN content is

relatively high in comparison to the other stations

(Table 2). As a nutrient, nitrogen and phosphorus can

influence the productivity of microalgae and increase the

TOC content in the sediments, hence creating eutrophic

conditions (Nixon 1995; Taylor et al. 1995). Following

Smith (2003), the concentration in total phosphorus on

station LA-01 (Table 4) is indicative of a very high nutrient

bFig. 5 Pictures of living (stained) foraminifera: 1 Ammonia tepida

(Cushman 1926); 2 Ammonia parkinsoniana (d’Orbigny 1839); 3

Elphidium incertum (Williamson 1858); 4 Glabratella altispira Buzas

(Smith and Beem 1977); 5 Haynesina depressula (Walker and Jacob

1798); 6 Mychostomina revertens (Rhumbler 1906); 7 Rosalina

vilardeboana (d’Orbigny 1839); 8 Abditodentrix rhomboidalis (Mil-

lett 1899); 9 Amphistegina lessonii (d’Orbigny in Guérin-Méneville

1832); 10 Brizalina striatula (Cushman 1922)
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pollution level ([ 31 lg/L of total phosphorus) for a

coastal marine ecosystem and thus contribute probably to

form eutrophic conditions at this station. High nutrient

pollution level together with high sedimentary OM content

indicate a high primary productivity which is the definition

of eutrophication (Nixon 1995). High primary productivity

may explain the high density of C. vulgatum as it provides

an ideal food source for this gastropod. In contrast, low

TOC content in the rest of the lagoon (LA-03 to LA-09)

(Table 2) may possibly be related to the coarse sediment

present in the lagoon. Coarse sediment may allow better

oxygen diffusion into the sediments, promoting mineral-

ization of OM and leading to the decrease of TOC content

(Tyson 1995). Despite these low values (except for stations

LA-01 and LA-10), the TOC content shows a consistent

gradient in the Djerba lagoon probably due to the constant

OM flux from tidal currents. However, we also suggest a

possible ecological link between OM content and P.

oceanica meadow distribution. During its life cycle, P.

oceanica, regenerates its leafs (Ott 1980) and leaf litter

represents a significant OM source laying on the surface

sediment (Romero et al. 1992; Lepoint et al. 2006).

4.3 Benthic foraminifera as bioindicators

Foraminifera are good bioindicators that can provide

valuable information about environmental conditions (e.g.

Alve 1991; Kaiho 1994; Hallock et al. 2003; Mateu-Vicens

et al. 2010; Dimiza et al. 2016). Changes in foraminiferal

assemblages can be related to changes of environmental

physiochemical parameters (e.g., pH, dissolved oxygen),

OM, or substrate type. Living benthic foraminiferal

assemblages change significantly within the Djerba lagoon

(Fig. 3) based on variations in physiochemical parameters,

tidal currents and seagrass distribution. Previous studies

demonstrated that some foraminiferal species are sensitive

to variations in grain size (e.g., Murray 2006). However in

the case of the study area, grain size is fairly homogeneous

within the entire lagoon and its possible influence on for-

aminiferal assemblages can be excluded.

Living benthic foraminiferal assemblages suggest a

division of the lagoon into two parts (Fig. 6) separated by

the channel, acting as a natural barrier between the internal

and the external parts of the lagoon. The channel represents

a dynamic environment due to the action of tidal currents

that have shaped its present morphology. The channel also

acts as a preferential flowing path for the tidal flow, thus

reducing tidal energy towards the internal lagoon pre-

venting the transport of foraminifera between internal and

external parts of the lagoon.

Ammonia parkinsoniana is one of the most abundant

species along a large part of the lagoon and is especially

dominant in the internal part. Ammonia parkinsoniana can

be considered as stress tolerant because it is a dominant

species in the NorthwesternGulf of Mexico under highly

variable environmental condition (Gupta et al. 1996 and

references therein). In addition, in Puerto Rican bays and

lagoons, this species is abundant in fine-grained, polluted

and organic-rich sediments (Gupta et al. 1996 and refer-

ences therein). Ammonia parkinsoniana is also abundant in

the Bizerte lagoon and this species is common in transi-

tional environments under seawater influence (Martins

et al. 2016) such as Djerba lagoon.

The hypersaline environment directly impacts benthic

foraminiferal density in the internal part of the lagoon

where species numbers is lower than in its external part.

The dominance of Ammonia tepida reflects the extreme

hypersaline conditions and high water temperature in the

internal edge of the lagoon. In particular, A. tepida was

observed in shallow marine environments and lagoons

(Frontalini et al. 2009) and is tolerant to thermal pollution.

Ammonia spp. is also known to be very tolerant to hyper-

saline environments (Walton and Sloan 1990; Murray

2006). Another dominant species in the hypersaline inter-

nal part of the lagoon is H. depressula. This species is

known to colonize sandy substrate in inner shelf environ-

ments and is tolerant to brackish water intolerant to salinity

higher than 50 psu (Murray 2006). However, this species

was identified in several locations along the Gulf of Saros

(Turkey) in environments where salinity reached over 50

psu (Bassler-Veit et al. 2013). Based on the concentration

factor and the normal seawater salinity in the southern

coast of Tunisia (* 37 psu) (Béranger et al. 2004), the

present study suggests that salinity can exceed 55 psu in the

part of the lagoon where H. depressula is dominant and

confirms the ecological tolerance of this species to high

salinity.

Elphidium incertum is relatively abundant in the internal

part of the lagoon (Online Resource 1). It is described as

uncommon in bays, marshes and in lagoon barriers (Ph-

leger 1965). In the northern Gulf of Mexico, E. incertum is

typical for brackish inlet-influenced outer lagoon environ-

ments (Otvos 1985). This species is less abundant than

Ammonia spp. in the internal part of Djerba lagoon and its

presence is probably not directly related to the salinity

conditions like H. depressula. Elphidium incertum was also

observed in the inner part of Flensburg Fjord (SW Baltic

cFig. 6 Living foraminiferal distribution in the Djerba lagoon based on

the statistical treatment. a Profile of Djerba lagoon with delimitation

of the internal and external parts. b Hierarchical Cluster Analysis

based on Bray–Curtis similarity matrix of the living (stained)

foraminifera of Djerba lagoon. c Non-metric MultiDimensional

Scaling (nMDS) plot obtained from Bray–Curtis (dis)similarity

matrix of living benthic foraminifera of the Djerba lagoon
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Sea), where high organic matter content in the muddy

sediment provides ideal living conditions (Polovodova

et al. 2009). Murray (2006), indicates that E. incertum

prefers shallow infaunal habitats in sandy substrates, with

high oxygen positively impacting on its reproduction. In

the Djerba lagoon, the abundances of E. incertum correlate

with burrows and seagrass in the internal lagoon. Burrows

from macrofaunal activity increase oxygenation in the first

centimeters of sediment, and P. oceanica, as a marine

plant, supplies oxygen through photosynthesis, providing

ideal conditions for E. incertum to develop.

A strong correlation exists between the presence of B.

striatula and the distribution of the seagrass P. oceanica.

The genus Brizalina has an infaunal mode of life and has

specific resistance to oxygen depletion in the environment

(Murray 2006). Generally, taxa, which are tolerant to low

oxygen conditions are typical of muddy substrates that can

accumulate high amounts of organic matter (Van der

Zwaan et al. 1999). In the Djerba lagoon, the presence of B.

striatula and its preference for oxygen-depleted environ-

ments does not match with the observed low OM content

and the coarse sediments. However, low oxygen tolerant

species and low oxygen conditions can be associated to

seagrass decaying in sediments (Mateu-Vicens et al. 2014).

In addition, the trophic preference of brizalinids for organic

detritus (Murray 2006) suggests that remains of P. ocean-

ica could be a potential food resource.

The abundance of the epifaunal Rosalina vilardeboana

and Amphistegina lessonii at station LA-10 can be

explained by the hard substratum (Murray 2006). The

beachrock located in the eastern part of the lagoon is an

ideal environment for their development. The genus Am-

phistegina is widely used to assess water quality because of

its fast response to environmental changes (e.g. water

temperature) (e.g. Emrich et al. 2017; de Freitas Prazeres

et al. 2012; Hallock et al. 2003). The abundance of Am-

phistegina spp. and its sensitivity to water quality deviating

from normal conditions (e.g., Hallock et al. 2003) confirms

the normal marine conditions at the external part of the

lagoon. Water quality influencing the development of R.

vilardeboana are poorly described in the literature. How-

ever this species was described as opportunistic in a ben-

thic foraminiferal culturing system (Hintz et al. 2004).

Erginal et al. (2013) describe this species as an indicator of

shallow water. However, the present study confirms that R.

vilardeboana shows affinity for substrates with more

abundant organic carbon and is influenced by the distri-

bution of Posidonia oceanica (Buosi et al. 2012).

The changes in the living foraminiferal assemblages

within the lagoon is the consequence of an important

environmental zonation due to changes in salinity, water

depth, presence/absence of seagrass and type of substrate

along a 2 km area. Biotic and abiotic changes reflect the

transition from hypersaline conditions from the internal

part of the lagoon to normal marine conditions in its

external part.

4.4 Is there an anthropogenic impact
on the lagoon?

The Gulf of Gabes is well known to be severely polluted by

one of the main industrial phosphate treatment complex in

Tunisia. Many studies have demonstrated a negative

impact of this pollution on marine flora such as P. oceanica

(e.g. El Zrelli et al. 2017), or on macrofauna like the coral

Cladocora caespitosa (El Kateb et al. 2016). The geo-

graphic position of the Djerba lagoon, within the center of

the touristic area of the Djerba Island, makes it particularly

vulnerable to the pollution by tourist activities. Despite of

human activities around the Djerba lagoon (e.g., tourism),

only few signs of eutrophic conditions were noticed. High

nutrient contents on station LA-01 were not clearly defined

as anthropogenic origin. Urban sewage close to station LA-

01 could be one explanation for high phosphorus content

(Gilabert 2001). However, remineralization of OM under

warm temperatures carried at the station LA-01 could

release phosphorus from the sediment (Nixon 1982) and

induce eutrophic conditions. High heavy metal content in

marine or terrestrial environments is generally interpreted

as a sign of contamination by anthropogenic activities. In

the case of the Djerba lagoon, the concentration of metal

elements in the seawater is relatively low (Table 4). Con-

centration factors of minor elements are significantly dif-

ferent depending on the element. Processes can control

trace metal concentrations in seawater, such as active

biological processes, which can remove trace metals from

seawater (Bruland and Lohan 2006). Redox cycling of

metals can also influence trace metal concentrations in

seawater (Morel and Price 2003). The cause of high CF for

silicon (Table 4) on the station LA-01 is not clearly

defined. However, the eutrophic state of this station is

suspected as a possible factor for quartz solubility. In

agreement with the biogeochemical cycle of Si (Basile-

Doelsch et al. 2005) siliceous sources in seawater are

provide by silicate minerals of endogenous rocks. Quartz is

one of the main substrate minerals in the Djerba lagoon.

Several studies (Bennett and Siegel 1987; Bennett et al.

1988; Bennett 1991) show the influence of organic

acid/compounds on the quartz solubility and quartz disso-

lution kinetics. Organic matter decay caused by eutrophic

conditions probably releases dissolved organic acid/com-

pounds in water and thus increase the solubility of quartz.

However, further investigations are needed to confirm this

hypothesis. A peculiar behavior of concentrate factors of

some minor elements was noticed at station LA-05

(Table 4), corresponding geographically to the country
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road crossing the Djerba lagoon. This country road is used

by tourists to cross the lagoon with vehicles. The increase

in seawater of the concentration factors for P, Al, Cr, Fe

and Mg at the country road station (LA-05) is probably the

result of intense tourist passage on this country road

crossing the lagoon. In addition, the lowest living for-

aminiferal specimen density is reached when in close

proximity to this road (Fig. 3). Although the road side site

may be slightly impacted by tourism, our preliminary

results suggest a minor anthropogenic impact in the Djerba

lagoon.

5 Conclusion

The Djerba lagoon is a transitional environment from

hypersaline to normal marine conditions. The high salinity

in the inner lagoon is due to the shallow water depth

combined with the arid climate (e.g., warm weather and

high solar radiation). The variation in salinity has a direct

impact on seagrass distribution and creates small-scale

ecological niches for macro fauna in the internal part of the

lagoon. A clear zonation in the distribution of living for-

aminiferal assemblages was noticed in the Djerba lagoon.

A channel seems to act like a natural barrier, separating the

internal and the external part of the lagoon. Based on these

observations, the lagoon represents a unique ecosystem in

the Djerba Island.
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