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Abstract: The lagoon of Boughrara is an almost closed system, with limited hydrological connections with the sea. Over the
past several decades, the lagoon has been exposed to increased pollution due to growing human activities in the surrounding
area. From 2004-2007, the channel “El-Kantra” connecting the lagoon to the sea has been extended with increased mixing with
marine waters. In this work, we monitored the ecosystem of the lagoon after its rapid exposure to development and associated
pollution. Two marine surveys were carried out in winter 2010 and then in winter 2013; the sediment was sampled and the prin-
cipal physical and chemical parameters were measured at 13 stations. Results show that aspects of the environmental quality of
the lagoon have improved from 2010 to 2013, most likely due to the extension of the channel whereby lagoon waters are better
mixed resulting in improved physico-chemical conditions over this timeframe. Nevertheless, the study of the macrobenthic
community did not show any improvement. On the contrary, the species richness and the abundance of the macrofauna have
decreased, and some tolerant species such as bivalves (4bra alba and Cerastoderma edule) have increased in abundance. This
demonstrates continued impacts on the lagoon ecosystem.

Abbreviations: AFNOR—Association Frangaise de Normalisation, DGPA—Direction Générelae de la Péche et de I’ Aquaculture;

WED — European Water Framework;

Introduction

By their geographical location between the sea and main-
land, coastal lagoons are the most productive and complex
marine ecosystems (Nixon 1982). They have been subjected
to increasing human activities which lead to environmental
degradation and to an overexploitation of natural resources.
The urban, industrial, agricultural/touristic development and
human activities exert high pressure on lagoon environments
(Bresler et al. 2003, Magni 2003, Daby 2006, Huang et al.
2007, Rao et al. 2007). Globally, coastal lagoons are charac-
terized by restricted water exchange, shallow depths and high
biological productivity resulting in excessive rate of organic
matter due to the nutrient inputs which can induce unbalance
in the trophic organization in these isolated coastal areas
(Nixon 1995, EEA 1999).

Several studies have been undertaken to understand the
functioning of lagoon ecosystems and evaluate their ecologi-
cal status. However, most studies were limited to physico-
chemical approaches only to measure the impact of distur-
bances on marine systems (Dauer 1993, Carvalho et al. 2006).
Ecologists have noted that biological elements are important
to establish the real ecological status (Afli et al. 2008b, Birk
et al. 2012) and assess the biological integrity of marine sys-
tems (Dauvin 2007). Like many Mediterranean lagoons, the
lagoon of Boughrara which is the largest lagoon in Tunisia is
a vulnerable environment with limited access to open sea and

subjected to negative effects of aquaculture activities, fishing
ports, sewage outfalls and industrial wastes (Romdhane et al.
1998, Ben Aoun et al. 2007).

During 2004-2007, the channel of “El-Kantra”, which
connects the lagoon to the open sea, underwent an extension
of 160 m length and 5 m height to allow the passage of fishing
and pleasure boats and the exchange of about 6.9 million m?
of water a day instead of 0.8 million m® previously (DGPA
2001).

Within the European Water Framework Directive (WFD),
benthic invertebrates are one of the suggested biological
quality elements (Borja et al. 2009, Pinto et al. 2009) because
these organisms are generally considered as potentially pow-
erful indicators of marine ecosystem health (Warwick 1986,
Dauvin 1993, Blanchet et al. 2008), due to their large capac-
ity to indicate stresses that have occurred locally and over
a period of time (Patricio et al. 2009). Also, they live at the
sediment-water interface which makes them excellent inte-
grators of changes in both systems (Dauvin 1993).

This work aims to (1) study the ecological quality of the
Boughrara lagoon, at the same season (winter) in 2010 and
2013, after the extension of the channel “El-Kantra” by ana-
lyzing the main physico-chemical parameters of the seawater/
sediment, (2) study the response of the benthic macro-inver-
tebrate community to the new environmental conditions by
using structure parameters and ecological indices and (3) pri-
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oritize the main factors governing the organization of the ben-
thic macro-invertebrate community in the Boughrara lagoon.

Material and methods

Study site

The lagoon of Boughrara (500 km?), located on the
southeastern coast of Tunisia, is bounded on the North by the
Djerba Island and on the other sides by the mainland (Fig.
1). It is connected with the gulf of Gabes by the channel of
Ajim in the North-West of the lagoon (2.2 km width), and
the channel “El-Kantra” which is a narrow connection in the
East of around 12.5 m wide at the middle of the Roman road
connecting the Djerba Island to the continent. In 2004, the
channel “El-Kantra” underwent an extension that provide
an exchange of about 6.9 millions m* of water a day instead
of 0.8 million m? previously (DGPA 2001, Romdhane 2001,
Tlili et al. 2008). The average depth of the lagoon is about 4
m with a maximum of 16 m in the center. The air temperature
has a very important role in the lagoon of Boughrara because
it has a strong influence on the water temperature (Zaouali
1971, Jedoui 1980). The seasonal variation of the water sur-
face temperature is wide in the lagoon of Boughrara; it is on
average around 24.7°C in summer and 11.2°C in winter, with
an increasing North-South gradient (Ben Aoun et al. 2007).
The salinity is very high especially in summer with an aver-
age value up to 42 PSU (Ben Aoun et al. 2007) and 43 PSU
(Guetat et al. 2012). The lagoon of Boughrara is currently
considered as a fragile and vulnerable environment due to
increasing natural and anthropogenic stressors. Indeed, be-
sides the variable hydrodynamic/climatic conditions, the la-
goon is impacted by increasing and harmful anthropogenic
disturbances, due to the demographic/industrial surrounding
development (Daly-Yahia et al. 1994, Ben Khemis 2000, Ben
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Rejeb-Jenhani and Romdhane 2002). The main sources of
disturbance in the lagoon of Boughrara are the input of waste
waters discharged by aquaculture farms on both banks of the
lagoon (Turki and Hamza 2001), the traffic/fishing activities
in the harbours of Jorf, Ajim, Boughrara and Hassi Jalleba,
the entry of marine waters loaded with phosphorus coming
from the gulf of Gabes (Bejaoui et al. 2004) and the low water
exchange between the lagoon and the open sea.

Sampling and laboratory procedures

Two marine surveys were carried out in winter (February
2010 and January 2013), and 13 stations facing main dis-
turbance sources were sampled (Table 1). The temperature,
salinity and dissolved oxygen were measured in the field at
the water surface by a Multi-parameter 340i/SET (WTW).
Water samples were also taken at the surface, and were pre-
served at —4°C in an icebox to determine later the content
in main nutrients (NO,, NO;, NH," and PO,*) (Strickland
and Parsons 1965). To measure chlorophyll a contents, part
of collected waters was immediately filtered with a device
of filtration type Wattman, and the filtering membrane was
then placed in a spin-dried tube which was then preserved in
cool and dark conditions (Rodier et al. 1996). The study of
the physico-chemical parameters has an important role, since
they control the functioning of the lagoon ecosystem and can
lead to changes in the macrofauna community after the exten-
sion of the “El-Kantra” channel (Khedhri et al. 2015). The
granulometry was analysed after drying during 48 hours at
60°C, then washing through a 63 um, drying again at 60°C
and sieving through an AFNOR (Association Francaise de
Normalisation) succession meshes. The granulometric struc-
ture was then estimated as the percentage (in weight) of each
sediment fraction (Buchanan 1971).

Figure 1. Map of the
study site showing the
location of the sampling
stations (1 to 13).
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Table 1. Characteristics of sampled stations.

Khedhri et al.

Numeric codes Stations Latitude Longitude Depth (m) % mud (<63um)
1 Aghir rejection 10.5552° N 33.4130°E 0.2 7.79
2 El-Kantra 10.5532°N 33.3933°E 23 31.81
3 Gulf of Gabes 10.4416°N 33.4317°E 1.1 4.07
4 Abattoir 10.5000°N 33.4400° E 0.2 2.82
5 Desalination 10.5035°N 33.3427°E 0.2 1.87
6 Ajim harbour 10.4437°N 33.4259°E 1.0 4.11
7 Ajim aquaculture 10.4542°N 33.4155°E 1.0 0.83
8 Boughrara harbour 10.4129°N 33.3221°E 3.1 11.25
9 SAT 10.1421°N 33.3945°E 0.2 10.55
10 Rsiffette 10.5452°N 33.3130°E 0.3 2.75
11 Hassi Jalleba 10.5623°N 33.3455°E 0.2 4.00
12 Karboub 10.5244°N 33.3059° E 0.3 1.01
13 Wadi 10.4221°N 33.3216°E 10.5 10.45

Sediment samples for benthic macrofauna studies were
taken by scuba diving using a quadra (10 cm depth), and three
Replicates were carried out at each station making a total
sampling surface of 0.75 m?. Collected sediments of benthic
macrofauna were sorted out aboard, through a 1 mm mesh
sieve, and preserved in a 7% formaldehyde/seawater solution.
In the laboratory, the contents in main nutrients (NO,", NO;",
NH," and PO,*) were determined with a device type Bran-
Luebbe Autoanalyseur 3 (Tréguer and Le Corre 1975). The
concentration in chlorophyll a was determined according to
Lorenzen and Jeffrey (1980). The macrofauna samples were
washed with freshwater on a square mesh of 1 mm a side,
and the animals collected were preserved with diluted alcohol
(70%) before being identified, for most of them, up to species
level.

Data analysis

The main structural parameters of the benthic macro-
fauna determined at each station are the species richness S
(number of species), the abundance 4 (number of individu-
als/m?), the Shannon index A’ (Shannon and Weaver 1963)
and Pielou’s evenness J (Pielou 1966). Calculations were
performed using PRIMER v6 package (Clarke and Gorley
2006). Identified species were classified into trophic groups
according to Fauchald and Jumars (1979) and notably modi-
fied by Grall and Glémarec (1997), Hily and Bouteille (1999),
Afli and Glémarec (2000), Pranovi et al. (2000) and Afli et al.
(2008a) as follows:

* Carnivores (C), predatory animals (i.e., mobile poly-
chaetes, sea-anenomes).

*  Detritus feeders (DF), feeding on particulate organic mat-
ter, essentially vegetable detritus (mainly amphipods and
tanaids).

*  Suspension-feeders (SF), feeding on suspended food in
the water column (e.g., most bivalves).

*  Micrograzers (uG), feeding on benthic microalgae, bac-
teria and detritus (essentially polyplacophores and gas-
tropods).

» Selective deposit feeders (SDF), feeding on organic par-
ticles settled on the sediment, e.g., most sedentary poly-
chaetes and some bivalves and crustaceans.

Three currently available univariate biotic indices, namely
AMBI (Borja et al. 2000) and BENTIX (Simboura and
Zenetos 2002) (Table 2) were used to qualify the ecological
status within a five-class scale of pollution. They are calculat-
ed on the basis of the relative proportions of the 5 ecological
groups (I. sensitive species; 1. indifferent species, I11. toler-
ant species, I'V. second-order opportunistic species and V. first
order opportunistic species) established initially by Glémarec
and Hily (1981). The normality of data was assumed, statisti-
cally significant differences in the numerical values of abi-
otic variables and biotic indices between 2010 and 2013 were
tested through the paired Student t-tests using the software
STATISTICAS. Standard deviation (SD) was also calculated
to evaluate the dispersion of the recorded values.

To assemble the similar stations on the biotic/abiotic pa-
rameters and characterize them by the principal variables,
Principal Component Analysis (PCA) was carried out using
the XLSTAT software (version 2014; XLSTAT, Addinsoft)
on data organized in a rectangular matrix where stations oc-
cupy the columns and the biotic/abiotic parameters occupy
the lines.

Results

Figure 2 shows the differences in the main physico-chem-
ical parameters in the lagoon of Boughrara between winter
2010 and winter 2013. On average, the water temperature
shows a slight decrease (18.7 to 16.9°C), and the salinity, dis-
solved oxygen and chlorophyll a show slight increase (42.6-
43.8,8.3-9.9 mg.I"! and 2.4-2.8 pg.I"", respectively), but none
of these differences were significant (-2.010 < ¢ < 1.231 and
0.056 < P<0.632). Nevertheless, stations sheltered from cur-
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Table 2. Characteristics of the biotic indices used to qualify the ecological status using benthic invertebrates (modified respectively
from Borja et al. (2000), Simboura and Zentos (2002) and Labrune et al. (2006)). Eg;: ecological group i in AMBI, GS: sensitive spe-
cies in BENTIX, GT: tolerant species in BENTIX, n;: number of individuals of species 7, N: total number of individuals and S: number
of species.

L . Ecological
Biotic index Algorithm Index value g
status
0.0-1.2 High
1.2-3.3 Good
AMBI (0XEG; + 1.5XEGy; + EGyy; + 4.5XEGyy + 6xEGy,)/100 3.3-43 Moderate
4.3-5.5 Poor
5.5-7.0 Bad
4.5-6.0 High
(6xGS +2xGT)/100 where 3.5-4.5 Good
BENTIX 2.5-3.5 Moderate
GS = EG,+EG; and GT=EG,+EG+EGy 2.0-2.5 Poor
0 Bad
>4 High
3-4 Good
) S n. n.
H _ Z Zilog. | =L 2-3 Moderate
253
o N N 1-2 Poor
<1 Bad
Temperature t-Student(2010, 2013)=1.231 /P=0.230 NOy t-Student(2010, 2013)=6.835 /P<0.001
30 4 $D(2010)=4.75 /SD(2013)=2.24 25 4 $D(2010)=4.73 / SD(2013)=0.12
25 A 20 4
20 4
¢ 15
15 Y}
' 2 0l
10 A
5 4 51
0 4 04
1 2 3 4 5 6 7 8 9 10 11 1 2 3 a4 5 6 7 8 1 12 13
O~ t-Student(2010, 2013)=11.561 /P<0.001
o Salinity t-Student(2010, 2013)=-0.486 /P=0.632 100, NOj suD(z,l)(lo)=16 ” /s)D (2013)5 0:39
SD(2010)=7.61/SD(2013)=4.75 ’ :
50 80 A
a0 60
30 g 204
20
20 4
10
0 0
1 2 3 a 5 6 7 8 9 10 11 12 13 1 2 3 4 5 6 7 8 9 10 11 12 13
14 . Dissolved oxygen t-Student(2010, 2013)=-2.010/P=0.056 PO t-Student(2010, 2013)=8.496 /P<0.001
$D(2010)=2.76 / SD(2013)=0.88 140 $D(2010)=25.72/5D(2013)=0.37
12 120 -
10 100
~ 8 50
= o
&6 = 60 4
g o
a = 40
2 20
0 0
1 2 3 4 5 6 7 8 9 10 11 12 13 1 2 3 4 5 6 7 8 9 10 11 12 13
N t-Student(2010, 2013)=6.678 /P<0.001
6 5 Chlorophylla  t-Student(2010,2013)=-1.201 /P=0.241 25 - SD(2010)=4.85 / SD(2013)=2.55
5D(2010)=0.86 / SD(2013)=1.07
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Figure 2. Spatial-temporal variations of main physico-chemical parameters in the Boughrara lagoon. NO,", nitrites, NO5, nitrates,
PO,* , phosphates, NH, " ammonium, P, P-values of the Student test and SD, Standard deviation.
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Table 3. List of principal species collected in the lagoon of
Boughrara during winter 2010 and winter 2013. White: <1
indm? pale gray: 1-30 ind.m™, dark gray: 30-100 ind.m?
black: > 100 ind.m™.

Winter Winter

Species 2010 2013

Abra alba (W. Wood, 1802)
Acanthocardia spinosa (Lightfoot, 1786)
Alitta succinea (Leuckart, 1847)

Antalis panorma (Chenu, 1843)

Antalis vulgaris (da Costa, 1778)

Bittium depauperatum Watson, 1897
Bittium incile Watson, 1897

Bittium latreilli (Payraudeau, 1826)
Bittium reticulatum (da Costa, 1778)
Calliostoma zizyphinum (Linnaeus, 1758)
Carcinus aestuarii Nardo, 1847
Cerastoderma edule (Linnaeus, 1758)
Cerastoderma glaucum (Bruguiére, 1789)
Cerithium scabridum Philippi, 1848
Chthamalus stellatus (Poli, 1791)

Conus ventricosus Gmelin ,1791

Corbula gibba (Olivi, 1792)

Cymodoce truncata Leach, 1814
Echinogammarus sp.

Euclymene droebachiensis (Sars, 1872)
Euthria cornea (Linnaeus, 1758)
Gastrana fragilis (Linnaeus, 1758)
Gibbula albida (Gmelin, 1791)

Gibbula racketti (Payraudeau, 1826)
Glycera alba (O.F. Miiller, 1776)
Glycera tridactyla Schmarda, 1861
Haminoea navicula (da Costa, 1778)
Hexaplex trunculus (Linnaeus, 1758)
Holothuria tubulosa Gmelin, 1791
Loripes lucinalis (Lamarck, 1818)
Metapenaeus monoceros (Fabricius, 1798)
Mytilaster minimus (Poli, 1795)

Naineris setosa (Verrill, 1900)

Nassarius granum (Lamarck, 1822)
Nassarius mutabilis (Linnaeus, 1758)
Nassarius pygmaeus (Lamarck, 1822)
Nassarius reticulatus (Linnaeus, 1758)
Nassarius unidentified

Necallianassa truncata (Giard & Bonnier, 1890)
Neverita josephinia Risso, 1826

Nucula nucleus (Linnaeus, 1758)
Paramysis (Longidentia) nouveli Labat, 1953
Paranemonia cinerea (Contarini, 1844)
Perinereis cultrifera (Grube, 1840)

Phylo foetida adjimensis (Fauvel, 1924)
Pinctada imbricata radiata (Leach, 1814)
Pisania striata (Gmelin, 1791)
Polititapes aureus (Gmelin, 1791)

Rissoa paradoxa (Monterosato, 1884)
Ruditapes decussatus (Linnaeus, 1758)
Serpulidae unidentified

Smaragdia viridis (Linnaeus, 1758)
Sphaeroma serratum (Fabricius, 1787)
Thericium vulgatum (Bruguiére, 1792)
Thracia phaseolina (Lamarck, 1818)
Tricolia tenuis (Michaud, 1829)

Trivia monacha (da Costa, 1778)

rents (stations 10, 11 and 12) appear to be remarkably differ-
ent from the other stations, mainly for temperature and dis-

solved oxygen. Average of pH ranged from 29.6 in station 5
in autumn and 50 at station 12 in winter 2013.

Nutrients (NO,", NO;", PO,* and NH,") show a signifi-
cant temporal decrease (6.678 <t < 11.561 and P < 0.001),
respectively 9.17-0.20 pg.l?, 55.53-2.46 pg.l!, 61.07-0.44
pgl! and 14.23-4.07 pg.l'. The standard deviation (SD) is

Khedhri et al.

higher in 2010 compared with 2013 for temperature, salinity and
dissolved oxygen and lower for nutrients and chlorophyll a.

In total, 45 species were collected in the lagoon of
Boughrara in winter 2010 and 31 species in winter 2013. The
temporal tracking for both winter seasons in 2010 and 2013
allowed to highlight the presence of 29 species in 2010 but
absence in 2013, mainly molluscs (40 species in 2010 and 17
species in 2013). However, about 15 species (among the 31
species) were recently collected in 2013 and absent in 2010,
mainly polychaetes (2 species in 2010 and 7 species in 2013)
and crustaceans (3 species in 2010 and 5 species in 2013)
(Table 3). It should be noted that at the station 13, no organ-
isms were collected in winter 2013. The abundance (4) and
species richness (S) show a significant decrease (¢ =3.981 and
P <0.001 for 4, and ¢ = 3.540 and P = 0.002 for S) respective-
ly from 684 to 147 ind.m and from 14 to 7 species (per sta-
tion) on average (Fig. 3). Contrarily, the Shannon index (H’)
and evenness (J°) show a significant increase (¢ = -6.063 and
P <0.001 for H’, and ¢ =-3.041 and P = 0.006 for J’) respec-
tively from 0.12 to 1.47 bits.ind" and from 0.27 to 0.51 on
average, and an important increase for the standard deviation.

In both 2010 and 2013, the distribution of trophic groups
differs from one station to another (Fig. 4a). But, on average,
the macrobenthic community is dominated in 2010 by SDF
(50.2%), followed by DF (15.4%), uG (12.7%), SF (11.9%)
and C (9.8%). In 2013, the pG dominates with 43%, SDF
declines to 23% and DF to 3.5% in favour of SF that passes to
around 25.11%. It should be noted that sheltered stations (sta-
tions 10, 11 and 12) show in 2010 a similar trophic structure
largely dominated by SDF.

The distribution of the ecological groups (Fig. 4b) shows
that sensitive species (ecological group I) dominate widely in
winter 2010 at all stations, except at stations 9 and 13 which
were co-dominated with respectively ecological group II and
ecological group III. In 2013, sensitive species still dominate
generally, nevertheless the other groups (II, III and IV) are
more present, and reach over half at stations 2, 6 and 9. The
Shannon index A’ classifies all the station to be in a bad eco-
logical status in 2010, and to be in a moderate (stations 9, 11
and 12), poor and bad (stations 1 and 2) ecological status in
2013 (Table 4). However, biotic indices based on ecological
groups (AMBI and BENTIX) classify all sampled stations
whether in 2010 or 2013 to be in a high/good ecological sta-
tus.

Axes 1-2 of Principal Component Analysis (PCA) ac-
cumulate around 55% of eigenvalues (Fig. 5). Samples of
winter 2013 form a consolidated group characterized by dis-
solved oxygen only. However, samples of winter 2010 show
a clearly wider dispersion and are characterized by the other
biotic/abiotic parameters including all trophic groups.

Discussion

Physico-chemical parameters

The sediment observed in the lagoon of Boughrara is fine
and is constituted mainly of sand and mud (Table 1), which
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Table 4. Calculated values of used biotic indices at each sampled station and their position on environmental quality scale.
Stations
Indi Y
neees ! 2 3 4 5 6 7 8 9 EEEE
o 2010 0.11 0.08 0.14 0.15
2013 azoic
2010 0.15 0.71 0.32 0 0.16  0.37 0.90 0.65 0.21 0.15 0.30 0.42 0.50
AMBI ;
2013 0 150 064 050 0 1 0 [ 133 066 090 018 045
BENTIX 2010 6 5.57 6 6 6 6 5.46 5.50 6 6 6 5.42 533
2013 6 4 6 533 6 6 6 466 555 520 6 5.60
High Good Moderate Poor Bad
Abundance Speciesrichness
2200 1 t-Student(2010,2013)=3.981 /P<0.001 30 - t-Student(2010, 2013)=3.540 /P=0.002
2000 4 SD(2010)=458.94 SD(2010)=4.48
1800 1 SD(2013)=162.58 o 25 1 SD(2013)=4.72
1600 =
& 1400 g 20 -
£ 1200 =
E 1000 S 15
< 800 2 10 A
600 §
400 £ 5
200 @
0 0 4
1 2 3 4 5 6 7 8 9 10 11 12 13 1 2 3 4 5 6 7 8 9 10 11 12 13
Shannon-Wienerindex Evenness
3 4 t-Student(2010,2013)=-6.063 /P<0.001 1,2 5 t-Student(2010,2013)=-3.041 /P=0.006
2k SD(2010)=0.03 SD(2010)=0.09
’ SD(2013)=0.80 1 SD(2013)=0.27
T 2
g
2 15 - "
= =
05 -
0 - La
1 2 3 4 5 6 7 8 9 10 11 12 13 1 2 3 4 5 6 7 8 9 10 11 12 13
Stations Stations
. Winter2010  [J Winter 2013

Figure 3. Spatial-temporal variations of macrofauna synthetic parameters in the Boughrara lagoon. P, P-values of the Student t test and

SD, Standard deviation.

confirms results observed by Daly-Yahia (1993). Thus, the
paramount role of the sedimentary texture that structures ben-
thic communities is minimized in this study, due to the homo-
geneity of the sediment. Before its development in 2004-2007,
the lagoon of Boughrara was very productive due to its warm/
stagnant waters and the high nutrient contents which increase
the phytal production and lead often to eutrophic conditions
(Hamza and El Abed 1994, Daly-Yahia and Kefi-Daly-Yahia
2003). Studies carried out 2 years after this development
show that the lagoon is still at risk of eutrophication, although
conditions have improved significantly (Guetat et al. 2012).
In this study, values recorded confirm the continued improve-
ment of the physico-chemical conditions of the lagoon, down-
ward trend of the nutrients and upward trend of the dissolved
oxygen. Nevertheless, nutrients are still very high in 2010 at all
the stations and despite a great decline in 2013 which can reach

at some stations (stations 5 and 8) 28/18 times respectively for
nitrites/nitrates, some recorded values (< 1pg/l, Fig. 2) remain
at the threshold of detection (CEAEQ 2007).

The standard deviation (SD) shows interesting results. It
is higher in 2010 compared with 2013 for the temperature, sa-
linity and dissolved oxygen. This means that values measured
in 2010 are relatively more spatially heterogeneous, which is
clearly visible in the PCA. In fact, the extension of the chan-
nel has induced an acceleration of the marine currents and a
higher water exchange between the lagoon and the open sea.
This has led to a general mixing of the lagoon waters, which
attenuates with time the physico-chemical conditions, except
probably sheltered areas (stations 10, 11 and 12) where this
improvement does not seem to be well pronounced.

Compared with the surrounding sea, the salinity of the
lagoon of Boughrara is still high during 2010 and 2013, ex-
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Figure 4. Spatial-temporal variations of (a) trophic groups and (b) ecological groups (I to IV) of the benthic macrofauna in the Boughrara
lagoon, C: carnivores, SDF: selective deposit-feeders, DF: detritus-feeders, wG: micrograzers and SF: suspension-feeders, I: sensitive
species, II: indifferent species, I1I: tolerant species, IV: second-order opportunistic species and V: first order opportunistic species.
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cept at the station of desalination (station 5) where the salin-
ity is clearly lower due to discharges of desalinated waters.
At this location, hot freshwater from subterranean sources is
discharged after desalination, which could explain the higher
temperature and lower salinity levels at this station.

The dissolved oxygen has been also improved, especially
at station 9 near an aquaculture farm where concentrations

went from 2 mg.l! in 2010 to 11.31 mg.I'! in 2013. This
seems to stimulate the phytoplankton growth, as shown by
the development in 2013 of the chlorophyll a at some sta-
tions.

In comparison with other Mediterranean lagoons, nu-
trient values measured in 2013 in the lagoon of Boughrara
are comparable to those obtained by Bejaoui et al. (2010)
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in the lagoon of Bizerte (400 km to the North); nitrites and
phosphates were always lower than 1 ug.l”}, nitrates around
0.50-1.46 mg.l! and ammonium around 1.47-2.91 mg.l'.
Elsewhere in the Mediterranean, values registered in 2010 in
the lagoon of Boughrara are comparable with those measured
in Varano lagoon, and become in 2013 comparable with the
Orbetello lagoon (Specchiulli et al. 2008).

Macro-benthic community

Data collected in this study show that the structure and
the organization of the macro-benthic assemblage in the la-
goon of Boughrara has undergone significant changes dur-
ing the period 2010-2013. Although molluscs still remain the
principal group despite their decrease, polychaetes such as
Euclymene droebachiensis, Glycera tridactyle and Naineris
setosa (newly recorded by Khedhri et al. 2014) have greatly
increased followed by crustaceans including the amphipod
Echinogammarus sp. and the decapod Carcinus aestuarii.
This codominance of molluscs/polychaetes/crustaceans is
common in Mediterranean lagoons, such as Bizerte (Afli et al.
2008b) and El-Bibans (Zaouali and Baeten 1985) in Tunisia,
that of Biguglia in Corsica (Clanzig 1991), Muggia in Italy
(Solis-Weiss et al. 2004) and Thau in France (Gangnery et
al. 2003). Similar results have been also observed between
1986/7 and 2003/4, but in a deteriorating environment, the
Swan-Canning Estuary in Australia (Wildsmith et al. 2011);
the densities and number of species of molluscs, and espe-
cially of crustaceans, which are particularly susceptible to
environmental stress, declined, while the more tolerant poly-
chaetes increased.

The abundance and species richness have remarkably de-
creased at all sampled stations during the period 2010-2013,
especially at lagoonal-marine stations (stations 1, 2, 3, 6 and
7) more confronted with the marine currents and undergo-
ing influences of both the marine and lagoon environment
(Khedhri et al. 2015) and at station 13 in the middle of the
lagoon. Contrariwise, stations sheltered from currents (sta-
tions 9, 10, 11 and 12) show a relatively moderate decrease.
Thus, the abundance and species richness in 2013 was clearly
lower compared to several other Mediterranean lagoons such
as the lagoon of Bizerte (Afli et al. 2008b), the lagoon of Ghar
El-Melh, the southern lagoon of Tunis (Afli et al. 2009b) and
the lagoon of Smir (Chaouti and Bayed 2005). Contrary to
the species richness and abundance, the Shannon index (H’)
and evenness (J°) show a significant overall increase which
means that the community in 2013 was less dominated by
a small number of species as in 2010. However, 2 lagoonal-
marine stations (stations 1 and 2) and the station in the middle
of the lagoon (station 13) show an important decrease, and the
station 3 a slight increase.

In terms of trophic diversity, the benthic macrofauna of
the lagoon of Boughrara show important changes inducing
a more balanced trophic structure. The order of the trophic
groups has changed, their dominance has undergone signif-
icant changes; SDF halved and DF reduced to a quarter in
favor of the other trophic groups, mainly puG, SF and C. But
these changes have affected the relative proportions and not
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abundances, and the question that should be asked here is not
“why uG and SF have increased” but more importantly “why
SDF and DF have declined...”. On another level, the trophic
groups were grouped on the PCA with the samples of 2010,
because the data used were expressed in abundances which
are clearly higher in 2010, and not in percentages. Actually,
currents induced by the extension of the channel seem to have
an interesting role in these changes, since they can affect the
production/distribution of the trophic resources (Khedhri et
al. 2015). Thus, the situation where SDF and DF benefit from
the deposits on the organic matter funds induced by the de-
celeration of the marine currents has changed in 2013, and
marine currents become stronger and more charged in organic
matter that benefits SF and uG. The PCA shows, once again,
that the general mixing of the lagoon waters due to the exten-
sion of the channel has led also to important changes within
the benthic community. Indeed, in 2013 the stations are not
scattered as in 2010, which means that there is a general ho-
mogenization of the ecosystem conditions and the benthic
community. Nevertheless, the lagoon of Boughrara seems
to be more balanced trophically, especially in 2013, com-
pared with the other Mediterranean lagoons, as the lagoon of
Bizerte dominated widely by carnivores (Afli et al. 2008a),
the southern lagoon of Tunis dominated by micrograzers, the
lagoon of Ghar El-Melh dominated by selective deposit feed-
ers (Afli et al. 2009b) and the lagoon of Smir dominated by
detritus feeders (Chaouti and Bayed 2011).

The analysis of the ecological groups shows that sensitive
species are dominant in both 2010 and 2013, but the tolerant/
opportunistic species were a larger proportion of the commu-
nity in 2013. As for trophic groups, the question raised here
does not concern the dominance of tolerant/opportunistic spe-
cies at a moment when it is believed that the environmental
conditions are improved, because their abundance remains
relatively low. But the real question is why the sensitive spe-
cies do not develop more in the areas which seem favorable
to their presence. As answer to this question, it seems that
sensitive species have declined due to hydrodynamic/trophic
reasons, and not to increasing pollution as suggests the domi-
nance of ecological groups. Indeed, these sensitive species
appear to be disturbed by water currents charged in sediment
particles that can block their filtration structures (Aloui-
Bejaoui and Afli 2012), and may also limit deposits of organic
matter which is their main trophic resource. However, this
does not change the general status (high) of the lagoon given
by biotic indices AMBI and BENTIX which are more con-
sistent in classifying the stations both in 2010 than in 2013.
Nevertheless, the change in A’ was greater which indicates
bad ecological status at all stations in 2010 and moderate/
poor/bad statuses in 2013. Indeed, AMBI and BENTIX are
based on ecological groups of pollution sensitive species.
However, H is different, because it is a structure index based
on specific dominances without taking into account the eco-
logical affinity of species (Salas et al. 2004, Afli et al. 2009a).
Globally, the species richness and the abundance have de-
creased between the two study periods, the presence of sen-
sitive species remained high, and biotic indices AMBI and
BENTIX show good status. Nevertheless, the macrobenthic
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community did not show any improvement until now, except
the improvement of the evenness and the Shannon index, de-
spite the mixing of the physico-chemical conditions.

In conclusion, the extension of the channel “El-Kantra”
in 2004-2007 shows that water quality in the lagoon of
Boughrara improved, which has led to beneficial effects on
the physico-chemical parameters, which affected the benthic
community status. Nevertheless, this lagoon still seems to be
impacted by certain environmental/anthropogenic stressors
as indicated by the presence of tolerant species such as the
bivalves Abra alba and Cerastoderma edule. The ecosystem
will gradually seek a new balance that will ultimately lead
to a new structure and organization of biological organisms
adapted to the new environmental conditions. This transition-
al phase could take many years before the community organi-
zation reaches a more stable status.
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