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Abstract: An intense phytoplankton bloom occurred in the Bizerte Lagoon in early spring, 

following heavy rainfall and pronounced freshwater supply that was accompanied by nutrient 

enrichment. This algal outbreak was associated with spectacular discolored water event. 

A weekly sampling was conducted from March to April 2012 at each depth from the surface 

down to 9 m in order to investigate the dynamics of this bloom in relation to physicochemical 

factors. During the sampling period, the development of a clear halocline and the high 

nutrient availability were favorable for the phytoplankton proliferation, reaching very high 

biomass (13 - 20 µg Chl a L-1) and abundance (> 107 cells L-1). 

The phytoplankton bloom was mainly caused by three species that succeeded one another 

over time. Chain-forming diatoms Chaetoceros (C. holsaticus and C. constrictus) showed 

firstly a dominance (6 – 10  106 cells L-1) coinciding with low salinity (14-20 PSU) and high 

nutrient concentrations, particularly of N and Si. Subsequently, the decrease in Si availability 

and the increase in salinity (30oPSU) resulted in a decline in diatom species in favor of the 

dinoflagellate Neoceratium lineatum, which gained the advantage (7 106 cells L-1) when N 

and P levels increased. Although the blooming species were non-toxic, they had harmful 

effects, as they were involved in fish and cuttlefish mortality. 

The study indicated that the Bizerte Lagoon is highly vulnerable to hydrological variability 

and nutrient enrichment, conditions that can trigger the proliferation of harmful phytoplankton 

species. This underscores the importance of implementing continuous monitoring programs 

to detect and manage harmful algal blooms at an early stage. 

Keywords: Diatoms; dinoflagellates; Chaetoceros spp; Neoceratium lineatum; HABs; 

Nutrient enrichment; Halocline stratification; Bizerte Lagoon; Tunisia; Mediterranean. 
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1. Introduction 

Phytoplankton constitutes the basis of food 

web structure and functioning, accounting 

for 95% of marine primary productivity 

(Nielsen, 1975; Wetzel, 2001). It plays 

crucial roles in nutrient cycles and 

biological carbon pump in marine waters 

(Zehr and Kudela 2011; Tréguer et al., 

2018). 

The development, the composition and the 

succession of phytoplankton organisms 

are directly related to environmental 

conditions, such as light, temperature, 

salinity and nutrient availability (Drake et 

al., 2010; Abdenadher et al., 2012; Huang 

et al., 2012). Under certain conditions, 

phytoplankton populations proliferate 

vigorously forming pronounced blooms, 

with very high chlorophyll concentrations 

(>100 µg Chl a L-1) and cell densities (>105- 

107 cells L-1) (Hallegraeff, 2003; Bhat et al., 

2006). 

These blooms are often associated with 

apparent impacts on the environment (red- 

tides, anoxia, mucilage production, toxicity, 

reduction in the aesthetic value of water, 

etc.) which cause economic threats for 

fisheries, aquaculture and tourism (Vidal et 

al., 1999; Rodger et al., 2011; D'Silva et al., 

2012). Moreover, specific composition of 

phytoplankton is sensitive to environmental 

changes and therefore phytoplankton is a 

good indicator of the ecological state of 

marine ecosystems and the level of their 

alteration (Paches et al., 2019; Parsons et 

al., 2021; Song et al., 2022). 

Around 300 phytoplankton species, 

belonging to diverse taxonomic groups, are 

known to form harmful algal blooms 

(HABs). Among them, dinoflagellates 

account for 75% of these harmful species. 

In addition, several diatom species also 

contributed significantly to the occurrence 

of HABs (Smayda, 1997; Glibert et al., 

2018; Hallegraeff et al., 2021). Both groups 

contain a great diversity of toxic species 

that can harm economic activities and 

human health, since they are responsible 

for several poisoning, which can sometime 

be fatal (Jasprica et al., 2005; Bratbak et 

al., 2011; Seoane et al., 2012). However, 

some dinoflagellate and diatom species, 

although they do not produce toxins, can 

form harmful blooms capable of disrupting 

ecosystems and impairing socio- 

economical services (Sunda, 2006; Trainer 

and Yoshida, 2014) Indeed, non-toxic 

harmful species can degrade water quality 

and trigger hypoxic or anoxic conditions, 

leading to large-scale mortality of 

invertebrates, fish and mollusks, with 

substantial economic consequences. A 

representative example is the red-tide 

dinoflagellate Neoceratium lineatum, which 

frequently develops dense blooms (1.5-8.9 

106 cells L-1). Such proliferations are often 

associated with severe oxygen depletion, 

resulting in mass mortalities of fish, oysters 

and shrimp larvae (Okaichi, 2003; Vargas- 

Montero and Freer, 2004). 

Blooms of this species are observed in the 

Eastern Mediterranean during late 

summer, associated with high 

temperature, salinity and nutrient levels 

(Spatharis et al., 2009). In addition, 

species of Neoceratium, including N. 

lineatum, characterize marine regions with 

specific temperature conditions and they 

may provide ecological indicators for global 

warming (Tunin-Ley and Lemée, 2013). 

The chain-forming diatoms Chaetoceros 

are also known as red-tide organisms that 

can reach very high densities (1.2- 8 106 

cells L-1) associated with fish and shellfish 

mortalities (Xin et al., 2023; McGlone et al., 

2024). When these diatoms are filtered on 

gill lamella of fish, their setae are easily 

broken, and large quantities can stay in the 

inter-lamellar space, provoking irritation of 

gill goblet-cells that secrete mucus in 

excess, thus leading to fish suffocation 

(Yang and Albright, 1992; Albright et al., 

1993). Fish mortalities due to Chaetoceros 

species (such as C. salsugineus and C. 
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socialis) are already reported from 

aquaculture farms (Treasurer et al., 2003; 

Smayda, 2006; Hiagh, 2010). Chaetoceros 

is considered as the main primary 

producers in upwelling waters and coastal 

regions (Rines and Theriot, 2003; Draredja 

et al., 2019), where it contributed 

approximately 20-25% of primary 

production (Jensen and Moestrup, 1998). 

These diatoms show high peaks density 

often linked to an increase of temperature, 

a decrease in salinity and a high availability 

of nutrients (Orive et al., 1998; Trigueros et 

al., 2002; Wang et al., 2006). 

In last decades, HABs have been 

increasing in coastal waters, as these 

ecosystems are exposed to several 

constraints (eutrophication, pollution, 

warming, etc.). Besides, HABs occurrence 

was used as an indicator to assess the 

environmental change by the legislation in 

Japan (Suzuki et al., 2016; Lv et al., 2023). 

Coastal lagoons are land-sea transitional 

areas, with high productivity and 

biodiversity, providing numerous 

ecosystem services. Unfortunately, these 

ecosystems face intense anthropogenic 

and natural pressures, leading to 

significant ecological disturbances, which 

result in biodiversity loss, depletion of vital 

resources and adverse impacts on human 

health (Xian et al., 2025; El Mahrad et al., 

2022). This has prompted extensive 

scientific efforts to better understand the 

functioning of these vital ecosystems, with 

the aim of ensuring their effective 

protection and promoting sustainable 

management strategies. 

The Bizerte Lagoon has an ecological and 

socio-economic importance. Numerous 

studies conducted in this lagoon have 

reported a high occurrence of harmful 

species, characterized by marked 

seasonal patterns and recurrent intense 

blooms occurring at different times of the 

year (Bouchouicha et al., 2012; Turki et al., 

2014; Melliti Ben Garali et al., 2016, 2019). 

The lagoon supports intense fishing and 

shellfish farming activities, therefore, 

proliferations of non-toxic species can still 

have severe consequences for both 

ecosystem functioning and the economic 

sectors that depend on these resources. 

The goal of this study was to investigate 

the dynamics of non-toxic HABs species 

(such as Chaetoceros and Neoceratium 

lineatum) in relation to environmental 

factors in the Bizerte Lagoon. 

2. Materials and methods 

2.1. Study area 

The Bizerte Lagoon, located on the 

northern coast of Tunisia (37°8ʹ–37°14ʹ N, 

9°48ʹ–9°56ʹ E, Figure 1), is the third largest 

Tunisian Lagoon. It has an average depth 

of 8 m, a volume of 851.2 106 m3 and an 

area of 121.6 km2. It is a restricted lagoon 

since water exchanges with the 

Mediterranean Sea are limited to a channel 

that has a width of 800 m and a length of 7 

km. The lagoon receives fresh water from 

several surrounding rivers, mainly from 

Lake Ichkeul via the Tinja River (Harzallah, 

2003). 

The hydrodynamics of the lagoon are 

mainly driven by winds that exhibit a 

defined seasonal pattern, with a 

dominance of strong winds from the north- 

west (8 m s−1 in autumn and winter) and 

from the east (5 m s−1 in summer). The 

major portion of the annual rainfall occurs 

during November to February. The system 

receives runoff from human activities such 

as industrial effluents, wastewater and 

solid waste disposals. has an ecological 

and socio-economic importance. 

This ecosystem supports a high fishing 

activity (100 tons year-1, in 2014) and 

constitutes the first Tunisian shellfish 

farming area a, with high production of 

mussels (Mytilus galloprovincialis) and 

oysters (Ostrea edulis) (>120 tons year-1, 

DGPA, 2013) 

The lagoon watershed holds other socio- 

economic activities, including intensive 

agriculture  (mainly  cereal  farming), 
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livestock, tourism and several industries 

(such as cement factories, steel and 

leather industries, oil refinery and electric 

circuit industry). The lagoon is 

characterized by high nutrient availability 

(NO - > 5 µM; NH + > 12 µM; PO 3- > 1 µM; 

Si(OH)4 > 11 µM; Sakka Hlaili et al., 2008; 

Meddeb et al., 2018; Mejri Kousri et al., 

2023) leading to high comparison to the 

adjacent Mediterranean waters (Sahraoui 

et al., 2012; Meddeb et al., 2018). 

 

 

Figure 1. Bizerte Lagoon: location of sampling station 

 

However, there is a wide spatial and 

temporal variability of physical and 

chemical factors due to the seasonality of 

nutrient enrichment, temperature, rivers 

inputs and marine inflows (Sahraoui et al., 

2013; Melliti Ben Garali et al., 2019). This 

had led to pronounced spatial and 

seasonal dynamics of phytoplankton 

communities. 

 
2.2. Sampling 

The sampling was carried out in a station 

located in shellfish farm (37°13,55, 

09°51'58', maximal depth of 12.5 m, Figure 

1) from March to April 2012, a period 

characterized by a spectacular discolored 

water event that corresponded to a 

pronounced phytoplankton bloom. 

In order to investigate the dynamic of this 

algal outbreak, the sampling was 

conducted at high frequency (i.e. 14, 20, 27 

March and 03, 21 April) and at each meter 

of depth from the surface down to 9 m. 

During the same period, data of weather 

(atmospheric temperature, rain fall and 

wind speed) were obtained from the 

National Meteorological Institute (INM, 

2012). 

Water samples were collected in triplicate 

using a water sampler (Hydrobios, 2 L), 

then filtered through 200 µm mesh screen 

(to remove large plankton) and finally 

stored in isothermal containers and 

processed within 2-4 h after sampling. 

These samples were used for nutrient, 

Chl a and phytoplankton enumeration and 
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determination. Water temperature, salinity, 

pH and dissolved oxygen were recorded in 

situ using a multi parameter (WTW, 

Multi1970i). 

2.3. Laboratory analyses 

Water samples for nutrients (1000 mL) 

were filtered through 0.2 μm polycarbonate 

filters. The filtrates were collected in acid- 

washed vials and stored at −20°C until 

analysis. Nutrient concentrations were 

determined by spectrophotometric 

methods, using a spectrophotometer 

(JENWAY 6400). Nitrite and nitrate were 

analyzed according to the methods of 

Wood et al., (1967) and ammonium 

following the procedure of Aminot and 

Chaussepied (1983). Phosphorous levels 

were determined as described by Murphy 

and Riley (1962). Reactive dissolved 

silicate was analyzed according to the 

methods of Strickland and Parsons (1968). 

Detection limits of the analytic methods 

were 0.01, 0.02 and 0.1 μM for nitrite, 

phosphate and silicate, respectively, and 

0.05 μM for nitrate and ammonium. 

Chl a concentrations were determined on 

1000 mL samples that were filtered 

through 0.2 μm pore-size polycarbonate 

filters (Millipore). Chl a was extracted in 

90% acetone for 30 h in darkness at 4°C in 

the dark. Pigment concentrations were 

estimated following the procedure given by 

Parsons et al., (1984). 

For phytoplankton analysis, water samples 

(150 mL) were fixed with acid Lugol 

solution (3% final concentration) and then 

stored at 4°C in the dark (Parsons et al., 

1984). The identification and the 

enumeration of phytoplankton were 

determined under an inverted microscope 

(CETI, 100x objective) on 10-100 mL 

settled volumes (Utermöhl, 1931). At least 

500 cells were counted in each sample to 

ensure statistical reliability and the 

representativeness of the phytoplankton 

community. 

2.4. Statistical analyses 

An analysis of variance (ANOVA) was 

used to test the significance of temporal 

and vertical variation of physicochemical 

factors, nutrient levels, Chl a 

concentrations and phytoplankton 

abundances. Finally, the relationships 

between physicochemical factors and 

phytoplankton were determined using 

spearman correlation coefficient. Statistical 

analyses were performed on SPSS 

software.11.0 for Windows. 

3. Results 

3.1. Weather factors 

During the period from March to April 2012, 

the atmospheric temperatures ranged from 

10oC to 20.5oC (INM, 2012). The dominant 

winds were from the northwest and had an 

average speed varying from 2-11 m s-1. 

Precipitations were distributed throughout 

the period of sampling. In terms of water 

balance, the winter 2012 was the wettest 

(213.55 mm, INM). Following the intense 

rainfall, the Bizerte Lagoon received during 

March 2012 an exceptional freshwater flow 

(55 m3 s-1, CRDA, 2013) that came mainly 

from Lake Ichkeul, the main source 

supplying this ecosystem. 

3.2. Hydrological factors 

Water temperature mainly displayed 

vertical variation in some dates (p<0.05, 

ANOVA). Indeed, a weak thermocline was 

developed (at 3/4 – 6 m), where surface 

waters were a little warmer (17.1-18.7oC) 

than deeper layer (13.8-16.1) (Figure 2a). 

From March 14 to April 03, salinity did not 

vary among dates (p>0.05, ANOVA), but 

water column was clearly stratified 

(p<0.01, ANOVA, N = 27), with a clear 

halocline development between 2 and 6 m. 

Salinity was low (14-18 PSU) in the surface 

water layer (0 - 2 m), but increased at the 

halocline to reach higher values (20 - 32 

PSU). Beyond 6 m, salinity was vertically 

homogeneous (30 - 34 PSU) (Figure 2b). 
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On April 21, salinity increased and the 

halocline was absent, since the vertical 

profile of salinity was homogeneous over 

all depths (29 – 30.5 PSU). 

Water pH and dissolved oxygen (DO) 

concentrations showed weak temporal and 

vertical variations. The surface layer (2/3 

m) had a pH around 8.6-8.7 and DO levels 

of 8.5-9.5 mg L-1. These factors decreased 

slightly until they reached the lower limit of 

the halocline (6 m) and then remained 

stable with depth (pH: 7.8-8.3, OD: 5.9-7.7 

mg L-1) (Figure 2c, d). 

3.3. Nutrients 

Concentrations of all nutrients displayed no 

significant vertical variations (p>0.05, 

ANOVA) but were significantly different 

among sampling dates (p<0.01, ANOVA) 

(Figure 3). 

 

 
 
 

 
Figure 2. Vertical distributions of water temperature, salinity, dissolved oxygen and pH during the 

phytoplankton bloom period (March- April 2012) (Average ± SD). 
 

On March 14, concentrations of nitrogen 

nutrients (NO - + NO - + NH +) varied from 

35 – 45 μM and then gradually increased 

until the end of the bloom, reaching 50 - 65 

μM (Figure 3a). Concentrations of 

phosphates were low at the beginning of 

the bloom ( 1 μM) and then progressively 

increased until the end of the 

phytoplankton outbreak (5 μM) (Figure 3b). 

From March 14 to March 27, silicate 

concentrations were high and almost 

similar among dates (6 - 8 μM), then 

significantly decreased (2 - 4 μM) during 

the rest of the period (Figure 3c). 
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3.4. Phytoplankton biomass and 

abundance 

Chl a showed pronounced vertical 

variability (p<0.01, ANOVA). Indeed, for all 

dates, concentrations significantly 

increased from the surface (≈14 µg L-1) to 

depth, reaching sub-surface maxima at 

around 2–3 m (≈ 18–20 µg L-1), then  

gradually decreased to 9 m (≈13–15 µg L- 
1) (Figure 4a). Chl a concentrations varied 

also among dates (p<0.01, ANOVA), with 

higher values from March 14 to March 27 

than during the other dates. 

 
 

 

 

 
Figure 3. Vertical distributions of nutrient concentration during the phytoplankton bloom period 

(March - April, 2012) (Average ± SD). 
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Figure 4. Vertical distribution of biomass (a) and phytoplankton abundance (b) during the phytoplankton bloom 
period (March - April 2012). (Average ± SD) 

 

Phytoplankton displayed high abundances 

(10⁷ cells L⁻¹) characteristic of blooms. 

Similar to Chl a, the vertical distribution of 

phytoplankton abundance was 

heterogeneous for each date (p<0.01, 

ANOVA). Cell abundances increased from 

the surface (2.8 – 4.1 107 cells L-1) and 

reached higher values between 2 and 4 m 

(3.5 – 5 107 cells L-1) than decreased with 

depth (1 – 2 107 cells L-1) (Figure 4b). 

 
3.5. Phytoplankton composition 

The phytoplankton bloom, observed from 

March to April 2012, was caused by 

diatoms   which   dominated   the 

phytoplankton community at almost all 

depths during this period (Figure 5). These 

microalgae were remarkably abundant, 

especially from March 14 to April 03, when 

they contributed up to 62-89% of the 

phytoplankton. Dinoflagellates showed low 

contributions from March 14 to April 3 (3- 

19%), but they were more abundant on 

April 21, contributing 21-30% of 

phytoplankton community. 

Phytoflagellates,  including 

(Prasinophyceae, Cryptophyceae, 

Chlorophyceae and Euglenophyceae), 

showed variable contributions throughout 

the sampling period (3-25%) (Figure 5). 
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Figure 5. Vertical distribution of relative 
abundances of diatoms, dinoflagellates and phytoflagellates 

 

In fact, throughout the sampling period, a 

succession of three species was revealed, 

the two Chaetoceros species (C. 

holsaticus and C. constrictus) and one 

dinoflagellate species, Neoceratium 

lineatum (Figure 6). C. holsaticus (Figure 

7a) was present during all sampling period 

with high concentrations (5.9 - 10.37  106 

cells L-1) and was the main responsible 

species of the phytoplankton bloom. C. 

constrictus occurred from March 14 to April 

03 and participated to the bloom with 

concentrations ranging from 5.62 to 7.13  

10⁶ cells L⁻¹. On March 27, Neoceratium 

lineatum (Figure 7b) appeared with a 

relatively low abundance (1.51  106 cells 

l-1) which gradually increased to reach a 

high concentration (8  106 cells L-1) 

exceeding that of C. holsaticus on April 21 

(Figure 6). 
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Figure 6. Succession of the three microalgal species during the phytoplankton bloom period 

(March - April 2012) (Average ± SD). 

 

 

Figure 7. Photos of Chaetoceros holsaticus (a) and Neoceratium lineatum (b) sampled in Bizerte Lagoon 
(View under an inverted light microscope) 

 

 

The abundances of both species of 

Chaetoceros were positively correlated 

with temperature and concentrations of 

nitrogen and phosphorous. Cell 

concentration of N. lineatum showed 

negative correlation with temperature but 

was positively correlated with N and P 

nutrients (Table 1). 

 
4. Discussion 

The Bizerte Lagoon, a site of intense 

fishing and shellfish farming activity, is 

threatened by eutrophication due to 

population, agricultural and industrial 

growth. Eutrophication most often leads to 

phytoplankton blooms, which could be 

harmful and toxic. Phytoplankton blooms 

have increased in frequency and intensity 

over the last decade in the Lagoon 

(Sahraoui et al., 2012; Bouchouicha-Smida 

et al., 2014; Turki et al., 2014; Bellakhel et 

al., 2014; Melliti Ben Garali et al., 2016, 

2019), which can cause an imbalance in 

the functioning of the ecosystem with 

environmental and sometimes economic 

risks. Although much interest has been 

given to blooms of toxic species 

(Bouchouicha-Smida et al., 2014; Melliti 

Ben Garali et al., 2016, 2019; Sahraoui et 

al., 2012; Turki et al., 2014; Bellakhel et al., 

2014) information remains scare regarding 

the non-toxic species, which blooms could 

also have environmental impacts and 

economic threat. Our study investigated 
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the dynamics of an intense phytoplankton 

bloom in the Bizerte Lagoon. We 

attempted to depict the relationships 

between the responsible HAB species, i.e. 

the non-toxic species Chaetoceros and 

Neoceratium lineatum, with environmental 

factors. 

During the entire sampling period, very 

high concentrations of nutrients, 

particularly of nitrogen (35 – 45 µM), were 

measured il all depths (Figure 3). The 

leaching of agricultural land following the 

heavy rains of winter 2012 could explain 

the high nutrient enrichment of the Lagoon 

during the sampling period. Our results 

revealed that the nutrient-rich waters of 

Bizerte Lagoon are suitable for 

phytoplankton blooms, as was previously 

reported in the study site (Sakka Hlaili et 

al., 2007; Grami, 2009; Sahraoui, 2010; 

Bouchouicha-Smida, 2013; Bellakhal, 

2003) and for other eutrophic areas, such 

as coasts of Greece (Tsikoti and 

Genitsaris, 2021) and Levrier bay in 

Mauritanian coast (Ndiaye et al., 2025). 

Previous studies, conducted in the Bizerte 

Lagoon, have reported HABs at different 

seasons and with concentrations generally 

ranging from 105 to 106 cells L-1 

(Bouchouicha-Smida et al., 2014; Melliti 

Ben Garali et al., 2016, 2019; Sahraoui et 

al., 2012; Bellakhal et al., 2014). During 

spring 2012, a very pronounced bloom 

occurred, with cell abundance > 107 cells 

L-1 and high Chl a concentrations (13-20 

µg L⁻¹), indicating high eutrophic 

conditions in the lagoon. These findings 

are in agreement with those reported by 

Bejaoui et al. (2016) in Bizerte Lagoon, 

where elevated Chl a levels were recorded 

during periods of increased nutrient inputs 

and marked hydrological stratification. This 

consistency highlights the recurrent trophic 

enrichment of the lagoon and underscores 

the high sensitivity of this ecosystem to 

nutrient-driven phytoplankton proliferation 

(Figure 4). 

This spring algal outbreak coincided with 

favorable hydrological factors. Indeed, the 

intense rainfall and the pronounced 

freshwater supply to the lagoon was 

followed by an exceptional decrease in 

salinity of surface water with a 

development of a clear halocline and a 

stratification of water column (Figure 2b). 

Thus, the phytoplankton was found in a 

stable, well-lit water layer (limited by the 

halocline at around 6 m) that was very rich 

in nutrients (Figure 3). Under these 

conditions of high availability of nutrients 

and light, phytoplankton increased its 

growth to reach a maximum, resulting in an 

intense spring bloom. 

 
Table 1. Spearman’s correlation coefficients of cell abundance of C holsaticus, C constrictus. 

and Neoceratium lineatum with environmental factors. 

 

 
Species 

 
Temp. 

 
Salinity 

 
pH 

 

O2 

- - 
NO2 +NO3 

+ 
+NH4 

 
3- 

PO4 

 
Si(OH)4 

C. constrictus 0.32* ns ns ns 0.42** 0.54** ns 

C. holsaticus 0.30* ns ns ns 0.48** 0.52** ns 

Neoceratium 

lineatum 

-0.55** ns ns ns 0.39** 0.49** ns 

 
ns: not significant; * Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level 
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Diatoms were dominant during the spring 

bloom (Figure 5), as was previously 

reported in the Bizerte Lagoon (Meddeb et 

al., 2018). The high proliferation of diatoms 

during spring is likely a common feature of 

the coastal Mediterranean waters, as the 

Gulf of Gabès, Gulf of Naples and Gulf of 

Lions (d’Alcala et al., 2004; Leblanc et al., 

2018; Mejri Kousri et al., 2023). In fact, 

diatoms are known to dominate 

phytoplankton community in eutrophic 

waters, particularly those enriched by N 

and Si (Sakka Hlaili et al., 2006; Chikhaoui 

et al., 2008). 

From March 14 to April 03, the high 

availability of N and Si nutrients (Figure 3) 

associated with other favorable conditions, 

would result in the diatoms outbreak. This 

was mainly caused by two species of 

Chaetoceros (C. holsaticus and C. 

constrictus), the most diverse and 

abundant genus of cosmopolitan marine 

diatoms. Chaetoceros are marine 

planktonic centric diatoms that reproduce 

mainly by asexual cell division, while 

sexual reproduction occurs when a critical 

minimum size is reached, producing an 

auxospore that restores the original size. 

Many species are also capable of forming 

resting spores under unfavorable 

environmental conditions (Montresor et al., 

2016). 

These species are primarily autotrophic 

organisms that perform photosynthesis, 

playing a major role in primary production 

and frequently dominating phytoplankton 

blooms in nutrient-rich coastal and 

eutrophic waters, where they constitute an 

important food source for zooplankton, 

bivalves, and fish larvae (Jensen and 

Moestrup, 1998; Rines and Theriot, 2003; 

Draredja et al., 2019). 

Chaetoceros, thanks to its rapid growth, 

can form intense blooms in coastal areas, 

with the appearance of brown waters 

(Alvain et al., 2008; Sahraoui et al., 2012), 

as observed during the 2012 spring bloom 

in the Bizerte Lagoon. 

The spring outbreak of C. holsaticus and C. 

constrictus (from March 14 to April 03, 

Figure 6) coincided with the decreased 

salinity in surface water (14 - 20 PSU, 

Figure 2). In fact, Chaetoceros blooms 

were often linked to low salinity in several 

coastal ecosystems. Furthermore, 

Trigueros et al., (2002) reported that the 

most important blooms of Chaetoceros in 

Biscay Bay are observed in areas with low 

salinity (10.5–15.8 PSU). Our results 

showed that the proliferation of 

Chaetoceros species was also linked to 

temperature and nutrient concentrations 

(Table 1). This is consistent with other 

findings showing that temperature and 

nutrients are the main drivers of 

Chaetoceros dynamics (Wang et al., 

2006). 

High abundances of Chaetoceros in 

Bizerte Lagoon were observed at 

temperatures varying from 15 to 19oC, and 

at high concentrations of all nutrients. This 

was in line with the result of Trigueros et al. 

(2002) reporting that important blooms of 

Chaetoceros spp. in Bisca Bay are 

observed at temperatures ranging from 18 

to 19°C and when phosphate, ammonium 

and nitrate concentrations were extremely 

high (PO 3-: 4.3 - 17.7 μM, NH +: 67 - 232.4 

μM, NO -: 4.3 - 17.7 μM). 

The genus Chaetoceros is characterized 

by colonial and chain-forming species that 

have spine setae, like the blooming 

species C. holsaticus (Figure 7a). Although 

species of Chaetoceros are not known to 

produce any toxic compound, their high 

abundance (0.5  106 cells L-1) are often 

associated with fish and shellfish 

mortalities (Albright et al., 1993; Yang and 

Albright, 1994). The killing of fish results 

from irritation of the gills followed by 

capillary bleeding and excess mucus 

production (Tester and Mahoney, 1995). 

During our study, C. holsaticus and C. 

constrictus, which reached very high 

concentrations (6-10  106 cells L-1, 

Figure 6), were also involved in mortalities 
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of fish and cuttlefish (perso. com. with 

fishermen). 

From April 03, the abundance of both 

Chaetoceros species began to decrease, 

with a total decline in C. constrictus and a 

marked drop in C. holsaticus on April 21 

(Figure 6), although N and P nutrients have 

increased during both dates (Figure 2a, b). 

So, the decline of diatoms on April 03 and 

21 could be caused by the low availability 

of Si (Figure 2c), which is essential for the 

formation of their siliceous frustules. The 

decline of diatoms was followed by a 

development of dinoflagellates (Figure 5), 

particularly Neoceratium lineatum 

(formerly Ceratium lineatum) (Figure 7b), 

which began to grow on March 27, then 

gradually increased and peaked (7 106 

cells L-1) on April 21 (Figure 6). In fact, the 

succession of phytoplankton species 

occurred because the species do not all 

have different preferences with respect to 

environmental conditions. The 

replacement, over time, of one dominant 

species by another is obviously related to 

changes in physicochemical factors. 

During our study, proliferation of 

Neoceratium lineatum, coincided with a net 

salinity increase of the surface waters 

(30 PSU) (Figure 2b). Baek et al. (2007) 

found also that the rapid growth of 

Ceratium fusus in the coastal area of 

Sagami Bay (Japan) occurred with high 

salinity (24 - 30 PSU). Besides, the 

abundance of N. lineatum was positively 

correlated with nutrients and negatively the 

temperature (Table 1). On the Greek coast, 

the presence of this species has also been 

detected at high nutrients and salinities 

(Spatharis et al., 2009). N. lineatum is a 

marine planktonic dinoflagellate commonly 

found in temperate coastal waters, 

including the Mediterranean Sea. In 

Mediterranean lagoons, its life cycle is 

predominantly characterized by vegetative 

reproduction, while cyst formation has 

been suggested but remains far less 

documented  than  in  many  other 

dinoflagellate taxa (Baek et al., 2008). 

Neoceratium lineatum is a harmful 

dinoflagellate that can cause discoloration 

of water (Gilbert et al., 2002). In our study, 

this species reached very high 

concentrations (7.9 106 cells L-1), 

exceeding those previously recorded in the 

Bizerte Lagoon (2 105 cells L-1, 

Bouchouicha-Smida, 2013) and in other 

Mediterranean coasts (3.6 - 18 103 cells L- 
1, Weaver, 1978; Spatharis et al., 2009). 

This high concentration also far exceeded 

the safety thresholds for bivalve molluscs 

(>106  cells  L-1,  IFREMER,  2006). 

Although the species is non-toxic, it can 

lead to the death of marine invertebrates, 

fish and even shellfish by asphyxiation 

because it induces a sharp decrease in 

available oxygen. Moreover, the 

mixotrophic nature of this dinoflagellate 

may enhance its competitive advantage 

under variable environmental conditions, 

contributing to the decline of co-occurring 

phytoplankton species through both 

resource competition and phagotrophic 

interactions (Stoecker et al., 2017; Flynn et 

al., 2013). Mixotrophy is increasingly 

recognized as a key functional trait 

influencing bloom dynamics and trophic 

transfer in marine ecosystems (Mitra et al., 

2014; Ward and Follows, 2016). 

5. Conclusion 

In early spring 2012, salinity levels in the 

Bizerte Lagoon exceptionally dropped to 

very low values (14 - 20 PSU) that occurred 

in response to a massive influx of fresh 

water, caused by heavy rainfall during the 

winter-spring of 2012. This event proved 

the development of clear halocline and 

nutrient enrichment of seawater, resulting 

in a pronounced spring phytoplankton 

outbreak with a discoloration of seawaters. 

The dynamics of the species responsible 

for the bloom have been mainly linked to 

salinity and nutrient availability. At the 

beginning of the bloom, diatoms were the 

main proliferating species, when salinity 

was low and nutrients (particularly N and 
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Si) were largely available. The diatom 

bloom, which declined when Si levels fell, 

was followed by a proliferation of 

dinoflagellates that was linked to the 

increase of salinity and N and P 

concentrations. This pattern represented a 

natural succession of phytoplankton in 

response to shift in physicochemical 

factors. It also revealed the vulnerability of 

the Bizerte Lagoon to any change in 

hydrological features and in nutrient inputs. 

The blooming species (C. holsaticus, C. 

constrictus and N. lineatum), although non- 

toxic, have harmful effects and were 

involved in mortalities of fish and cuttlefish. 

While our data on harmful phytoplankton 

are over 13 years old, long-term records 

remain invaluable for identifying historical 

trends, baseline conditions, and the 

ecological sensitivity of the Bizerte Lagoon. 

Although, environmental conditions have 

undoubtedly evolved, these data provide a 

crucial reference point for assessing 

changes in bloom frequency, intensity, and 

community composition over time. 

Comparing historical and contemporary 

observations can therefore reveal patterns 

of ecosystem response to nutrient inputs, 

hydrological shifts, and human activities, 

supporting informed management and 

monitoring strategies. 
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