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ABSTRACT The composition and distribution of diatoms were studied using a biweekly sampling per-
formed in three representative stations in the Mellah Lagoon (South Western Mediterranean,
Algeria), during 2016. In total, 160 diatoms species - belonging to centric species (52 species)
and pennate species (108 species) - were inventoried. The relative abundance of the pennate
forms (67.50%) is clearly higher compared to the centric forms (32.50%). The blooms of di-
atoms are represented by 3 species: Chaetoceros constrictus Gran, 1897 with up to 15000
cells.L! (end of May), Chaetoceros sp. with up to 178320 cells.L"! (early October), and
Nitzschia longissima (Brébisson) Ralfs, 1861 with up to 200640 cells.L! (early September).
Proliferations of three potentially toxic species: Pseudo-nitzschia group delicatissima (Cleve)
Heiden, 1928 (2500 cells.L"), Pseudo-nitzschia group seriata (Cleve) H. Peragallo, 1899
(700 cells.L") and Thalassionema nitzschoides (Grunow) Mereschkowsky, 1902 (210
cells.L"), requires regular monitoring of this ecosystem where the exploitation of the shells
is practiced. The diatom populations seem to be structured showing diversity (H”) and equi-
tability (J*) indices reaching 4.56 bits.cell and 0.98 respectively, with the exception of spring-
summer and summer-autumn transition periods.
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INTRODUCTION

Coastal lagoons and adjacent wetlands play an
important role in regulating environmental rela-
tions. Due to their multiple resources and proxim-
ity to the sea, they represent strategic locations for
development and prosperity of human activities
and therefore are subject to increasing anthropisa-
tion. These transitional ecosystems, between land
and sea, are important ecosystems characterized by

high biological productivity and biodiversity
(Knoppers, 1994). However, the lagoons are very
sensitive environments, fragile and extremely vul-
nerable, in relation to the organization of their liv-
ing and non-living components which depends on
the interaction between the natural components of
the marine and continental areas (Dufour et al.,
1994). Due to the wide variability of their physical,
chemical and biological parameters, coastal la-
goons are generally unstable environments. The
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short- or long-term variations that occur in these
ecosystems are important compared to saline ma-
rine environments. Consequently, the spatial and
temporal variability of the quality of their waters
depends on the importance of river inputs, tidal
flows and evaporation.

Diatoms are microscopic single-cell plants that
live in fresh, brackish and marine waters, from the
poles to the tropics (Trainer et al., 2008). Diatoms
belonging to the class of Diatomophyceae (Bacil-
lariophycea) are an extremely diverse group. Mann
(1999) reports that this class is highly diversified
with species number estimated between 0.1 and 1
million. Their high photosynthesis activity and their
tendency to dominate phytoplankton communities
have led to their major involvement in primary pro-
duction. It has been estimated that diatoms con-
tribute to 40-45% of ocean primary productivity,
accounting for 20% of global carbon sequestration
and oxygen production (Yool & Tyrrell, 2003).
They are the major phytoplankton in aquatic
ecosystems and account for 20-25% of the oxygen
release and carbon fixation in the world (Kale &

Karthick, 2015). Diatoms are microalgae consid-
ered as the most sensitive to environmental condi-
tions such as the organic pollution and the
eutrophication (Licursia & Gomeza, 2013) and
water density (Drira et al., 2009). Some diatom
species are directly or indirectly responsible for
health problems (Lefebvre & Robertson, 2010). In-
deed some species especially the genus Pseudo-
nitzschia H. Peragallo in H. Peragallo et M.
Peragallo, 1900, are toxic and produce powerful
neurotoxins (domoic acid) that can cause illness and
even death in the elderly community (Trainer et al.,
2008).

Diatomophyceae have been studied in the
Mediterranean basin (Caroppo et al., 2005;
Sahraoui et al., 2009; Solak et al., 2018). However,
despite their ecological and biological importance
in the marine ecosystems, to our knowledge no
study has been devoted to it in the Mellah lagoon.
The aim of this study is to determine the species
composition and distribution of diatoms in the well
preserved Mellah lagoon, South Mediterranean, Al-
geria (Fig. 1).
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Figure 1. Geographical position of Mellah Lagoon
and location of sampling stations (South Mediterranean, Algeria).



Diatoms diversity and dynamics in a southern Mediterranean lagoon (Mellah, Algeria)

MATERIAL AND METHODS
Study area and location of stations

The Mellah lagoon is located in the northeast
of Algeria (36°54°N-8°20°E), within the El-Kala
National Park created in 1983, a protected natural
reserve and classified as biosphere reserve in 1990.
The Mellah lagoon has a surface of 865 ha (depth
<5 m) and communicates with the sea by a channel
(Fig. 1), which has undertaken substantial widen-
ing and deepening in 1988 (FAO, 1987) and is pe-
riodically dredged due to its recurrent filling with
silt. The drainage system of the Mellah lagoon is
characterized by three main intermittent streams
located in southern sector of the lagoon, whose
contribution to the overall nutrient loading is lim-
ited to the winter period. The Mellah lagoon is
subject to a southern Mediterranean climate char-
acterized by a dry and hot summer and a wet and
cold winter.

During this study, three stations (St.A, St.B and
St.C) were selected (Fig. 1): St.A (depth 2.50 m),
located in the north of the lagoon no far from the
inflow of marine waters; St.B (depth 4.80 m), situ-
ated in the center of the lagoon is the deepest zone
and therefore under bathymetric influence; St.C
(depth 1.50 m), fixed in the south of the lagoon near
the inflow of the two rivers (south and southwest of
the lagoon), subject to freshwater influences.
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Physicochemical measurements, sampling
and treatment of phytoplankton

Sampling of phytoplankton and measurements
of some physicochemical parameters were carried
out in three stations every 15 days during the year
2016. Physicochemical measurements were carried
out in situ using a multiparameter HANNA HI9828.
While the nutrients (NH4, NO2, NO3 and PO4)
were assessed by spectrophotometry.

Phytoplankton sampling was conducted, where
a volume of 50 liters of water was filtered using a
standard plankton net (20 um mesh size). Once col-
lected, samples were fixed immediately with neutral
formalin (concentration 4%). Identification of di-
atom species was performed according to Hendey
(1964), Sournia (1986), Ricard (1987), Round et al.
(1990), Chretiennot-Dinet et al. (1993), Tomas
(1996) and Hasle et al. (1996). In the present work
a detailed study on the identification and counting
has been reserved only to the class of Diatomo-
phyceae. The number of cells was estimated using
Utermdhl’s method (Utermdhl, 1958). Both identi-
fication and quantification of cell abundance
(cells.L") were made by an inverted light micro-
scope (Leica DM750).

Ecological indices and statistical analysis

The spatiotemporal variation of the species rich-

Variables St.A St.B St.C Winter Spring Summer Autumn
318 20.11£5.48a 20.37£5.61a 20.44+5.53a 13.64+1.31a 22.06£2.36b 26.86£1.50¢ 18.68+4.06b
Sal. 30.24+3.74a  30.13+3.65a  30.284+3.92a | 25.56+1.30a  28.30+0.84a  33.55+1.91b  33.46+1.33b
DO 7.304+0.79a 7.30+0.81a 7.00+0.86a 7.54+0.66a 7.33+0.90a 6.80+0.72a 7.13+£0.87a
pH 8.13+0.20a 8.10+0.22a 8.08+0.16a 8.07+0.13a 8.09+0.26a 8.08+0.15a 8.17+0.20a
SM 16.80+£7.93a  16.16+7.89a  16.14+£9.56a | 27.47+£5.00a  14.16+5.90 10.44+£5.53b  13.38+4.54b
NH4 1.82+1.62a 1.74£1.55a 1.94£1.68a 2.54+1.98a 2.35+0.80a 1.59+1.33ab  0.84£1.54b
NO2 0.32+0.26a 0.37+0.33a 0.37+0.29a 0.32+0.11a 0.61+0.46a 0.16+0.06b 0.33+0.14a
NO3 1.30+1.47a 1.04+1.68a,b  0.59+0.72b 0.84+0.36a 1.6642.34a 0.7340.90a 0.68+0.84a
DIN* 3.4442.16a 3.1542.61a 2.8942.00a 3.7042.17ab  4.6242.66a 2.48+1.42b,c  1.85+1.58¢
PO4 0.60+0.55a 0.54+0.49a 0.48+0.42a 0.57+0.52a 0.68+0.58a 0.44+0.29a 0.47+0.50a
Chl. a 2.21+1.86a 2.66x1.65a 2.20+1.85a 1.17£0.67a 2.85+1.87b 3.35£1.59b 2.07+1.94a.b

Table 1. Spatiotemporal variations (meantse, n=72) in temperature (T, °C), salinity (Sal., p.s.u.), dissolved oxygen (DO,
mg.L"), pH, suspended matter (SM, mg.L"), ammonium (NH4, pmoles.L), nitrites (NO2, umoles.L"), nitrates (NO3,
umoles.L), dissolved inorganic nitrogen (DIN, umoles.L™"), phosphates (PO4, pmoles.L!) and chlorophyll a (Chl.a, pg.L-
1) in the Mellah lagoon waters. Different small letters indicate a significant difference between levels in each factor (p<0.05),
using the Dunn’s test. (*): DIN = NH4+ NO2 + NO3 (umoles.L™).
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ness (S) of diatoms group was calculated. The di-
versity index (H’) used is that of Shannon &
Weaver (1949). The regularity index (J”) was cal-
culated using the method of Piélou (1966). Further-
more, a principal component analysis (PCA) was
performed using the Factoextra (Kassambara &
Mundt, 2017) package on standardized data, whose
objective is to characterize, by a multivariate ap-
proach, the structuring of spatiotemporal variations
at the lagoon of Mellah. Statistical analyses were
performed using R, version 3.4.2 (R Core Team
2017; Thaka & Gentleman 1996) for Windows, by
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Figure 2. Relative abundances (%) of diatoms in the
phytoplankton of Mellah lagoon, Algeria (2016).

using Dunn’s test package (Dinno, 2017); median
differences among seasons were tested by Kruskal-
Wallis test (rank-based nonparametric test) fol-
lowed by post-hoc pairwise comparisons using
Dunn’s test with Holm’s p-value adjustment. Re-
sults are given as means =+ standard error. All the
statistical analyses were performed at the statistical
significance of p<0.05.

RESULTS
Hydrological and environmental conditions

The spatiotemporal variations of physicochem-
ical parameters are represented in Table 1. The ap-
plication of the Kruskal-Wallis test for the
comparison of physicochemical parameters in water
showed that for nearly all parameters (T, Sal., DO,
pH, SM, NH4, NO2, DIN, PO4, Chla) no signifi-
cant differences among the stations were recorded,
with the exception of NO3 showing a minimum of
0.59+0.72 pmoles.L! at site C, and a maximum of
1.30£1.47 pmoles.L! at site A.

The monitoring of seasonal variations of physic-
ochemical factors in the Mellah lagoon indicates
that there are significant differences for all param-
eters except DO, pH, NO3, PO4 (Table 1). This is
why the temperature values oscillate between
13.64+1.31°C in winter and 26.86+1.50°C in sum-
mer. Salinity showed a variation between
25.56+1.30 and 33.55+1.91 p.s.u. in winter and
summer, respectively. Results about the suspended
matter showed that the mean values ranged from
10.44+5.53 mg.L' in summer to 27.47+5.00 mg.
L in winter. We found that nutrient salt concentra-
tions vary between 0.84+1.54 pmoles.L"! in autumn
and 2.54+1.98 pmoles.L! in winter for NH4; be-
tween 0.16+£0.66 pmoles.L'! in summer and
0.61£0.46 pmoles.L!' in spring for NO2; between
1.85+1.58 pmoles.L! in autumn and 4.62+2.66
umoles.L! in spring for DIN. The winter period
was characterized by the lowest Chlorophyll a
means with 1.17£0.67 pg.L'! in winter, while the
highest mean values were in the summer period
with 3.35£1.59 pg.L.

Composition of diatom communities

Diatom composition of Mellah lagoon was char-
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acterized by a mixture of marine, brackish-water
and freshwater taxa. Diatoms formed the most dom-
inant group and contributed greatly to the total phy-
toplankton at almost all the stations (55.70-70.39%)
(Fig. 2). Over 62.97% of total phytoplankton taxa
were represented throughout the lagoon. In all sta-
tions we identified 160 species belonging to the Di-
atomophyceae (Table 2). The diatoms were
represented by 52 centric and 108 pennate species.
Among the Centrales, several families such as
Catenulaceae (15 species), Thalassiosiraceae (8
species) and Triceratiaceae (5 species) were

recorded, while for the Pennates, three were the
most rich in species: Bacillariaceae (22 species),
Naviculaceae (16 species) and Pleurosigmataceae
(14 species) (Table 2). However, in the three sta-
tions the centric forms are dominant (50.01-
92.15%), compared to the pennate forms.

Population density and distribution
The spatiotemporal variation in the density of

diatoms is reported in figure 3. The maximum
density of this phytoplankton group varies be-
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Figure 3. Spatiotemporal variations of density (cells.L ') of diatoms collected in the Mellah lagoon, Algeria (2016). Figure 4.
Spatiotemporal variations of abundance (cells.L™") of diatom species with efflorescence in the Mellah lagoon, Algeria (2016).
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Figure 5. Seasonal variations in density (Dens.) (I) and species richness (S) (II) of diatoms in the Mellah lagoon (n=72).
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Figure 6. Principal Component Analysis (PCA) based on correlation between diatoms density and species richness and the
environmental parameters (I); PCA analysis score plot (Dim1 vs Dim2) based on the monitored seasons in the Mellah lagoon

(II). (Factorial plane: Dim1=28%, Dim2=22.70%).

tween 97690 cells.L!' (St.C, end of May) and
203420 cells.L! (St.A, early September). According
to the period and the station, among the 160 species
only a few (about three) are clearly dominant. The
majority of the species are therefore very poorly
represented. The species that are responsible for
high abundances are shown in figure 4. Only 3
species causing blooms were detected: Chaetoceros
sp. with up to 178320 cells.L! (St.B, early Octo-
ber), Chaetoceros constrictus with up to 15000

cells.L"! (St.B, end of May) and Nitsctzschia longis-
sima with up to 200640 cells.L! (St.A, early Sep-
tember). The list of the microalgae contains three
species classified as potentially toxic: Pseudo-
nitzschia delicatissima (2520 cells.L"!, St.A, early
November), P. seriata (700 cells.L, St.A, early No-
vember) and Thalassionema nitzschoides (210
cells.L!, St.B, end of September). The application
of the Kruskal-Wallis test for density and specific
richness showed that there is a significant difference
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among seasons and no significant differences
among stations. The inter seasonal variations of di-
atoms density and specific richness in the lagoon
are reported in figure 5, I. Regarding density, the
extreme mean values are 590.56+£266.45 cells.L"! in
winter and 50295.56+6817.43 cells.L"! in spring.
However, seasonal variation of diatoms showed dif-
ferent dispersions. Concerning the qualitative com-
position, the differences in mean inter seasonal
values are also important, because they varied be-
tween 9.89+7.12 in autumn and 20.28+9.78 in
spring (Fig. 5, II).

The use of Principal Component Analysis
(PCA) as a preliminary and exploratory descriptive
approach made it possible to visualize the structur-
ing of the seasonal and spatial variation in the three
stations according to 11 physicochemical variables:
water temperature (T), pH, salinity (Sal.), dissolved
oxygen (DO), nitrates (NO3), nitrites (NO2), Am-
monium (NH4), dissolved inorganic nitrogen
(DIN) phosphates (PO4), suspended matter (SM),
chlorophyll a (chl. a), and two biological variables:
specific richness (S) and density (Dens.) (Fig. 6).

The PCA clearly shows that the first two facto-
rial axes yielded nearly 50.70% of the information
(Fig. 6, I). Axis 1, explaining 28% of the total vari-
ation, is positively correlated with the variables
DIN (r=0.77), NH4 (r=0.67), SM (r=0.59), which
strongly contribute to the construction of this axis
(c0s*=0.6, cos=0.45, cos*=0.35, respectively); and
negatively with the variables Sal. (r=-0.78), T (r=
-0.57) and pH (r=-0.38), which also contribute sig-
nificantly to its construction (cos?=0.61, cos*=0.32
and cos?=0.135, respectively). In addition, axis 2, ex-
plaining 22.7% of the total variation, is built mainly
by the strong positive correlations of the variables
Chl.a (r=0.73), PO4 (r=0.71), DO (1=0.70), S
(r=0.59) and Dens. (r=0.53) and the negative cor-
relation of variables NO2 (r=-0.56) and NO3 (r=
-0.40) which contribute considerably to its con-
struction  (c0s?>=0.53, co0s*=0.50, cos>=0.49,
c0s>=0.35, c0s>=0.28, c0s>=0.31 and cos*=0.16 re-
spectively). Regarding seasonal variation (Fig. 6,
II), we noted that summer is characterized by high
values of salinity and temperature. In autumn it’s
pH, Chl.a, density and the specific richness of di-
atoms which dominate. Spring is characterized by
higher concentrations of DO, PO4, NO2, NO3. Fi-
nally, NH4, SM, and DIN dominate during winter
season.

Species diversity and ecological indices

The number of species (S) and range of diversity
indices in the study area are shown in figure 7. In
particular, the maximum number of species (36)
was observed in the north of the Mellah at St.A
(early June); St.C, in the south of the Mellah, was
the least rich (32 species, end of June) and St.B, in
the center of the lagoon, was characterized by a spe-
cific richness of 34 species. Shannon index of di-
versity (H”) values generally increased in parallel
to the number of species (S) and evenness index (J”)
throughout the study period. This trend was ob-
served only for stable ecosystems. This is not the
case of the Mellah lagoon, which is characterized
by the fact that it is punctually pound during ad-
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Figure 7. Spatio-temporal variations of species number (S),
Shannon diversity index (H’) and Piélou evenness index (J”)
of diatoms in the Mellah lagoon, Algeria (2016).
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CENTRIC

Catenulaceae Mereschkowsky, 1902
Amphora arenaria Donkin, 1858 (M)
A, coffeaeformis (C. Agardh) Kitzing, 1844 (M)
. decussata Grunow, 1877 (M)

. dubia Gregory, 1857 (M)

. gigantea Grunow (M)

. laevis Gregory, 1857 (M)

. lineolata Ehrenberg, 1838 (M)

. maring W.Smith, 1857 (M)
ocellata Donkin, 1861 (M)

. ovalis (Kiitzing) Kiitzing, 1844 (M)
. proboscidea Gregory, 1857 (M)

. proteus Gregory, 1857 (M)

. ostrearia Brébisson, 1849 (M)

. sulcata Brébisson, 1854 (M)

. terrovis Ehrenberg, 1853 (M)

- - - G S - -

Chaetocerotaceae Ralfs, 1851
Chaetoceros constrictus Gran, 1897 (M)
C. pseudobrevis Pavillard, 1911 (M)

C. radicans F.Schiitt, 1895 (M)
Chaetoceros sp.

Coscinodiscaceae Kiitzing, 1844
Caoscinodiscus centralis Ehrenberg, 1844 (M)
C. obscurus Schmidt, 1858 (M)

C. subtilis Ehrenberg, 1841 (M)
Coscinodiscus sp.

Hyalodiscaceae Crawford, 1990
Hyalodiscus seoticus (Kiitzing) Grunow 1879 (M)
Podosira stelligera (Bailey) A. Mann, 1907 (M)

Hemidiscaceae Hendey, 1937 emend Simonsen, 1975
Pseudoguinardia recta Von Stosch, 1986 (F)

Lauderiaceae (Schiitt) Lemmermann, 1899, sensu emend.

Lauderia borealis Gran, 1900 (M)

Leptocylindraceae Lebour, 1930
Leptocylindrus danicus Cleve, 1889 (M)

LithosdemiaceaeRound, 1990
Lithodesmi dulatum Ehrenberg, 1839 (M)

Melosiraceae Kiitzing, 1844, sensu emend.

Melosira moniliformis (O.F. Miiller) C. Agardh, 1824 (M)
M. nummuloides C. Agardh, 1824 (M)

Melosira sp.

Paraliaceae Crawford, 1988
Paralia sulcata (Ehrenberg) Cleve, 1873 (L)

Rhizosoleniaceae De Toni, 1890

Guinardia flaccida (Castracane) H. Peragallo, 1892 (M)
Rhizosolenia delicatula Cleve, 1900 (M)

R. imbricata Brightwell, 1858 (M)

R. stolterfothii H. Peragallo, 1888 (M)

Skeletonemaceae Lebour, 1930, sensu emend.
Skeletonema costatum (Greville) Cleve, 1873 (M)

Syracosphaeraceae Lemmermann, 1908
Syracosphaera pulehra Lohmann, 1902 (M)

Thalassiosiraceae Lebour, 1930

Planktoniella sol (C.G. Wallich) Schiitt, 1892 (M)
Thalassiosira fallax Meunier, 1910 (M, L, F)

T. lineata Jousé, 1968 (M)

T. nordenskioeldii Cleve, 1873 (M)

T. visurgis Hustedt, 1957 (L, F)

Triceratiaceae (Schiitt) Lemmermann, 1899

Auliscus caelatis Bailey, 1854 (M)

Cerataulus radiatus R. Rross, 1986 (M)

Odontella cf. rostrata (Hustedt) Simonsen, 1987 (M, L)
Triceratium antediluvianum (Ehrenberg) Grunow, 1868
T. favus Ehrenberg, 1839 (M)

T. pelagicum(J.L.B. Schrider) Sournia, 1968 (M)

T. shadboltianumP_K. Greville, 1862 (M)

Triceratium sp.

PENNATE

Achnanthaceae Kiitzing, 1844
Achnanthes brevipes Agardh (L)

Amphipleuraceae Grunow, 1862
Amphiprora hyperborea (Grunow, 1880) (M)
Amphiprora suleata (0"Meara, 1871) (M)
Amphiprora sp.

Auriculaceae Hendy, 1964
Auricula amphitritis Castracane, 1873 (M)

Bacillariaceae Ehrenberg, 1831
Bacillaria paradoxa 1.F .Gmelin in Linnaeus, 1791 (M)
Hanizschia virgata (Roper) Grunow in Cleve &
Grunow 1880 (M)
Nitzschia acula (Kitzing) Hantzsch in Rabenhorst, 1861 (F)
N. genwminata (W. Smith) Grunow, 1880 (M)
N. angularis Smith, 1853 (M)
N. closterium Eulenstein, 1868 (F)
N. constricta (Gregory) Grunow, 1880 (F)
N. eylindrus (Grunow ex Cleve) Hasle, 1972 (M)
N. dubia W. Smith, 1853 (F)
N. fasciculata (Grunow) Grunow in Van Heurck, 1881 (F)
N. incurva Grunow in O. Schneider, 1878 (F)
N. linearis W Smith, 1853 (M, F)
N. longissima (Brébisson) Ralfs, 1861 (F)
N. obtusa W. Smith, 1853 (M, F)
N. polaris Grunow ex Cleve, 1883 (M)
N. punctata (W. Smith) Grunow, 1878 (M)
N. sigma (Kiitzing) W, Smith, 1853 (F)
N. spathulata W. Smith, 1853 (M)
N. ventricosa Kitton, 1873 (M)
Nitzschia sp. 0 (T)
Pseudo-nitzschia delicatissima (Cleve) Heiden, 1928 (M
P. seriata (Cleve) H.Peragallo, 1899 (M) (T)

Climacospheniaceae
Clii pheni ligera Ehrenberg, 1843 (M)

Cocconeidaceae Kiitzing, 1844

Cocconeis molesta Kiitzing (M)

C. placentula Ehrenberg, 1838 (M)

C. pseudomarginata Gregory, 1857 (M)

C. stauroneiformis (W. Smith) H. Okuno, 1957 (M)
Cocconeis sp.
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Cymatosiraceae Hasle, von Stosch & Syvertsen, 1983

Campylosira cymbelliformis (A. Schmidt) Grunow ex Van
Heurck, 1885 (M)

Minutocellus seriptus Hasle, von Stosch & Syvertsen, 1983 (M)

Cymbellaceae (Greville, 1833)

Cymbella cymbiformis (Ehrenberg) Grunow in Van Heurck,
1880 (M)

Cymbella inaequalis Ross, 1852 (M)

Cymbella helvetica Schmidt in Schmidt et al., 1881 (F)

Diploneidaceae D.G. Mann, 1990

Diploneis bomboides(A.W.F. Schmidt) Cleve, 1894 (M)
D. bombus (Ehrenberg) Ehrenberg, 1853 (M)

D. crabro (Ehrenberg) Ehrenberg, 1854 (L)

D. didyma (Ehrenberg) Ehrenberg, 1839 (M)

D. incurvata (Gregory) Cleve, 1894 (M)

Diploneis sp.

Fragilariacées (Dumortier, 1823)

Fragilaria islandica Grunow ex Van Heurck, 1881 (M)
Synedra acus Kiitzing, 1844 (F)

S. eristallina (L, F)

S. fasciculata Ehrenberg, 1832 (F)

S. ulna (Kiitzing) Skabichevskii, 1939 (F)

Synedra sp.

Licmophoraceae Kiitzing, 1844

Licmophora abbreviata C. Agardh, 1831 (M)

L. ehrenbergii (Kiitzing) Grunow, 1867 (M)

L. flabellata (Greville) Agardh (M)

L. reichardtii Grunow, 1881 (M)

L. robusta H. Peragallo & M. Peragallo (M)

L. tenuis (Kiitzing) Grunow, 1867 (M)

Licmophora cf. tincta (C. Agardh) Grunow, 1868 (M)

Lyrellaceae D.G. Mann
Lyrella hennedyi (W.Smith) Stickle & D.G, Mann, 1990

Naviculaceae (Kiitzing, 1844)

Haslea ostrearia (Gaillon) Simonsen, 1974 (M)
H. wawrikae (Hustedt) Simonsen, 1974 (M)
Navicula eryptocephala Kiitzing, 1844 (M)

N. distans (W. Smith) Ralfs, 1861 (M, L)

N. flanatica Grunow, 1860 (L, F)

N. gregaria Donkin, 1861 (M, L, F)

N. pavillardi Hustedt, 1939 (L)

N. pennata A.W.F. Schmidt (F)

N. pupula Bristol, 1920 (F)

N. radiosa Kiltzing, 1844 (F)

N. ramosissima (C. Agardh) Cleve, 1895 (M)
N. retusa H. Lange-Bertalot & K. Bonik, 1976 (M, L)
N. salinarum Grunow, 1880 (L, F)

N. spicula (Hickie) Cleve, 1894 (M, F)

N. viridula Neupauer, 1867 (F)

Navicula sp.

Pinnulariaceae D.G. Mann, 1990
Oestrupia sp. (M)

Plagiotropidaceae D.G. Mann

Plagiotropis lepidoptera (Gregory) Kuntze, 1898 (L)
F. conserta (Lewis) Kuntze, 1898 (M)

P. vitrea (W. Smith) Grunow, 1880 (M)

Plagiotropis sp.

Pleurosigmataceae Mereschkowsky, 1903

Gyrosigma balticum (Ehrenberg) Rabenhorst, 1853 (M)
G. distortum (W.Smith) Griffith & Henfrey, 1856 (M, F)
G. littorale (W. Smith) Griffith & Henfrey, 1856 (M)

G. prolonganum (W. Smith) J.W . Griffith & Henfrey 1856 (M)
G. scalproides (Rabenhorst) Cleve, 1894 (L, F)
Pleurosigma angulatum (Queckett) W. Smith, 1852 (M)
P, delicatulum W. Smith, 1852 (M, L)

F. elongatum W.Smith, 1852 (M, L, F)

P. formosum W. Smith, 1852 (L)

P. giganteum Grunow, 1880

F. lanceolatum Donkin, 1858 (M)

F. obscurwm W. Smith, 1852 (L)

P. stuxbergi Cleve & Grunow, 1880 (M)

Pleurosigma sp.

Rhabdonemataceae Round & R.M. Crawford
Rhabdonema adriaticum Kiitzing, 1844 (M)
R. arcuatum Kiitzing, 1844 (M)

Rhopalodiaceae (Karsten) Topachevs'kyj & Oksiyuk, 1960
Epithemia turgida (Ehrenberg) Kiitzing, 1844 (F)

Stauroneidaceae D.G.Mann, 1990
Stauroneis africana Amossé, 1934
§. spicula Hickie, 1874 (M)

Striatellaceae Kiitzing, 1844
Grammatophora oceanica Ehrenberg, 1840 (M)
Striatella unipunctata (Lyngbye) C. Agardh, 1832 (M)

Surirellaceae Kiitzing, 1844

Campvylodiscus fastuosis Ehrenberg, 1845 (M)
Surirella fastuosa (Ehrenberg) Ehrenberg, 1843 (M)
S. ovataEhrenberg, 1844 (1845) (F)

S. striatula Turpin, 1828 (M)

Tebellariaceae Kiitzing, 1844
Tabellaria fenestrata (Cleve) Skabichevskii, 1960 (M)

Thalassionemataceae Round, 1990

Thalassi nitzschioides (Grunow) Mereschkowsky, 1902
(M) (T)

Thalassiothrix delicatula Cupp, 1943 (M)

T. longissima Cleve & Grunow, 1880 (M)

Table 2. Check list of diatoms species identified in Mellah lagoon, Algeria (2016).
F: freshwater, M: marine, L: lagoon, T: potentially toxic).
Classification depending on Website WoRMS: http://www.marinespecies.org/ and AlgaeBase: http://www.algaebase.org).
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verse situations. The highest diversity (H’=4.56
bits/cell) was observed at St.C (end of June) and the
lowest value (H’=0.15 bits/cell) was detected at
St.A (early September), while Piélou evenness
index varies between 0.03 (St.A, early September)
and 0.98 (St.C, end of December) (see Fig. 7).

DISCUSSION AND CONCLUSIONS

Our results highlighted the hydrological peculi-
arities of this lagoon ecosystem. The thermal vari-
ations of Mellah lagoon waters (12.26-28.26°C) are
comparable to the majority of southern Mediter-
ranean lagoons (Béjaoui et al., 2010; ElI-Madani et
al., 2011; Bellakhal Fertouna & Bellakhal, 2013;
Dhib et al., 2016). However, the salinity extreme
values (23.98-36.23 p.s.u.) are often lower com-
pared with ecosystems of neighboring countries in-
cluding Bizerte lagoon in Tunisia (Sahraoui et al.,
2009; Béjaoui et al., 2010) and Nador lagoon in
Morocco (El-Madani et al., 2011). Overall Mellah
lagoon waters are well oxygenated unlike some
Mediterranean lagoons which are characterized by
periodic dystrophy crisis when the dissolved oxy-
gen can reach critical values (Lenzi et al. 2003;
Viaroli et al., 2006; Marinov et al., 2008; E1 Madani
etal., 2011; Pachés et al., 2014).

Regarding the spatiotemporal distribution of nu-
trients, unlike the majority of Mediterranean la-
goons which are often characterized by a significant
enrichment in nutrient salts (Souchu et al., 2010; El
Madani et al., 2011; Satta et al., 2014; Pachés et al.,
2014; Zaaboub et al., 2014), the Mellah lagoon, due
to its waters less rich in nutrients, ranks among the
meso-oligotrophic lagoons (OECD, 1982). These
particular physicochemical characteristics lead to a
low chlorophyll a production not exceeding 5.84
pg.L ! with an annual average of 2.41 pg.L"!. These
values are often low compared to several lagoons
in the Mediterranean (Badosa et al., 2008; Roselli
et al., 2009; Canedo-Argiielles et al., 2012; Bernardi
Aubry et al., 2013; Pachés et al., 2014). This
physicochemical and hydrological situation is the
result of a double effect. First, the Mellah Lagoon
is a body of water that is located within the El-Kala
National Park; a protected nature reserve since
1983, so far from any source of pollution or anthro-
pogenic action. Then, the narrowing of the commu-
nication channel with the sea, which has not been

dredged since 1988, has further reduced water ex-
changes with the adjacent Mediterranean coast
(Ounissi et al., 2002). In addition, in this region
there is a low urbanization limited to a few houses
of traditional construction.

The majority of species belong to diatoms,
many of which have a benthic affinity. These forms
of diatoms are still common in lagoon environments
as highlighted by Mallissen & Lasserre (1979). It
appears that the richness of diatoms is related not
only to tidal regime turbulence (leading to benthic
and tychopelagic forms in the water column), but
also to their ability to directly draw nutrients from
the water-sediment interface (Bonin, 1988). Inves-
tigating diatoms in the Mellah lagoon allowed us to
identify 160 taxa, most of which belonging to the
marine contingent. The typical lagoon species are
very few (only 16). Although the low nutrient lev-
els, the number of diatom species reached 160. In-
terestingly, this moderate diatom specific richness
observed in Mellah lagoon exceeded those of some
other Mediterranean ecosystems: Lake of Tunis
(Benrejeb-Jenhani & Romdhane, 2002), two la-
goons in the Sfax saltern (Ayadi et al., 2004), Nador
lagoon (El Madani et al., 2011), Venice lagoon
(Bernardi Aubry et al., 2013) and Cullera Estany la-
goon (Pachés et al., 2014).

In the present study, the maximum number of
taxa (53) is observed at station A, situated in the
north of the Mellah lagoon in front of the channel
communicating with the sea, therefore under ma-
rine influence. The minimum number of taxa (43)
is found at Station C, confined in the extreme south
of the lagoon and under continental influence. The
difference in species richness between these two
sites shows that several phytoplankton populations
come from the adjacent coast by the channel that
connects the lagoon to the sea. In the Mellah la-
goon, diatoms are the dominant (qualitatively and
quantitatively) group within microphytoplankton.
This dominance characterizes not only the majority
of Mediterranean lagoons (Benrejeb-Jenhani &
Romdhane, 2002; Bernardi Aubry & Acri 2004; El
Madani et al., 2011; Bernardi Aubry et al., 2013;
Nassar & Gharib, 2014), but also the waters of the
open Mediterranean coast (Percopo et al., 2011;
Drira et al., 2014; Tas, 2014; Khairy & Gharib,
2017; Rekik et al., 2017). However, despite the
meso-oligotrophy of the Mellah lagoon, we can ob-
serve that the number of diatom cells were rela-
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tively important (up to 203420 cells.L™") in the north
of the lagoon. This zone of the lagoon could form a
site for accumulation of marine species (brought
back by the channel during the flow phase) and, to
a lesser extent, for the arrivals of freshwater tolerant
species transported by the three rivers that discharge
there. In the Mellah lagoon, the main blooming
species is Nitzschia longissama with a maximum
abundance of 200640 cells.L"! recorded at Station
A (north of the lagoon), in the end of summer. The
end of the bloom could result from increasing oxy-
gen demand and the decrease of nutrients.

The application of the Kruskal-Wallis test for
the abundance showed that there is a significant dif-
ference among the seasons. The Principal Compo-
nent Analysis (PCA) explains the positive role
played by nutrients (mainly with PO4 and second-
ary with NH4) in the proliferation and diversifica-
tion of diatoms. Indeed, the meso-oligotrophic
character of the waters of the lagoon implies the
role played by these nutrients as soon as they in-
crease in the water column. Though high tempera-
ture and salinity during the summer season limit the
proliferation of this group of phytoplankton, never-
theless, diatoms in the Mellah lagoon are character-
ized by optimal development and structuring during
the spring-summer and summer-autumn transition
phases, when thermal conditions are moderate.

Diatom populations of the Mellah lagoon
showed a diversity that can reach 4.56 bits.cell.-1
and a regularity of 0.98, thus suggesting structured
diatom populations for only a period of the year
(winter and end of spring). However, the rest of the
cycle is characterized by an unstable species com-
position. In this case, only the opportunistic species
develop, well adapted to the unfavorable environ-
mental factors (mostly temperature) (Mozetic et al.,
1998; Bianchi et al., 2003). We noted that the max-
imum values of diversity (H') in the Mellah lagoon
are higher than those recorded in other Mediter-
ranean lagoons. Indeed, in the Venice lagoon (Italy)
Bernardi Aubry & Acri (2004) reported a maximum
value of H' that barely touches 3 bits.cell.-1,
whereas in the Berre pond (France) this index was
around 2 bits.cell.-1 (Beker, 1986).

Our results revealed the existence of three po-
tentially toxic species belonging to the group of di-
atoms: Pseudo-nitzschia delicatissima, P. seriata
and Thalassionema nitzschoides. These species
have been reported to produce domoid acid respon-

sible of ASP (Amnesic Shellfish Poisoning) syn-
drome. The most abundant potentially harmful
species is Pseudo-nitzschia delicatissima (up to
2520 cells.L"). Cell densities of P. seriata and T.
nitzschoides were usually low and often impercep-
tible in quantitative samples, their maximum abun-
dances ranging between 210 and 700 cells.L-!. The
appearance of these three potentially toxic species
occurs in late summer and autumn; this situation is
an alarm for shellfish farmers in the lagoon which
could be confronted to harmful blooms and intoxi-
cation of the mollusks in the near future. Sahraoui
et al. (2009) reported the presence of toxic Pseudo-
nitzschia species in Bizerte lagoon (Tunisia). In
French coastal waters, Pseudo-nitzschia are known
to bloom during the spring (Quiroga, 2006).

In conclusion, it appears: (1) Unlike the majority
of Mediterranean lagoons, which are eutrophic, the
Mellah lagoon is distinguished by its meso-olig-
otrophy, due to its remoteness from any source of
pollution. (2) Despite the limitation of nutrients in
this lagoon, it holds a diatom specific richness
which exceeds that of many lagoons in the Mediter-
ranean. (3) The optimal conditions for the develop-
ment of diatoms in the lagoon correspond to the
phases where the water temperature is moderate in
parallel to the increase of the nutrients input (firstly
with PO4 and secondary with NH4), that is during
the seasonal transition periods spring-summer and
summer-autumn. (4) The presence of some poten-
tially toxic species, nowadays three in number,
points out the need of the establishment of a regular
monitoring of harmful species - as shellfish culture
has been practiced for several years in this lagoon -
to reduce (or even avoid) the risk of human intoxi-
cation.
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