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ABSTRACT  

Remote sensing and empirical models have facilitated and enabled a broad spatio-

temporal survey of biological parameters, contributing to the preservation and 

conservation of marine ecosystems. In this study, we used 11 years (2010-2020) of 

MODIS Chlorophyll-a (Chla) data to examine the spatio-temporal variability of 

phytoplankton groups in Bejaia Gulf and El Kala surface waters (the southwestern 

Mediterranean Sea). We evaluated five Chla algorithms dedicated to the MODIS 

sensor, as well as the regional phytoplankton model based on the abundance 

approach. The annual and monthly variability of Phytoplankton biomass in terms of 

Size Classes (PSCs) and Functional Types (PFTs) were examined. The annual 

climatology revealed significant differences in PFTs and PSCs abundances between 

the two study regions. The micro-phytoplankton, which is primarily represented by 

diatoms in Bejaia Gulf, dominated the coastal edge, whereas the nano-

phytoplankton, which is mainly represented by haptophytes, dominated El kala 

coast. However, according to the monthly climatology, haptophytes predominated, 

followed by prokaryotes in both study areas. The variability of PFTs is strongly 

influenced by precipitation in Bejaia Gulf and by SST in El-Kala waters. 
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1 INTRODUCTION 

Phytoplankton is the set of microscopic algae 

formed by a single cell. They have a large 

diversity in terms of color and shape, and a wide 

range of sizes (Molo and Noury, 2013). It assumes 

an integral function in aquatic ecosystems, thus 

controlling the processes implicated in 

biogeochemical cycles, notably that of CO2 

(Falkowski et al., 1998; IOCCG, 2014).  

The notion of phytoplankton functional groups 

was created to make the study of phytoplankton 

easier, due to the difficulty of interpreting 

variations for each species separately. The 

grouping of species based on their ecological role, 

similarities in morphological or physiological 

features, as well as responses to abiotic factor 

variations, improved the monitoring in space and 

time using models specifically designed to plot 

and predict the biogeochemical distribution of 

phytoplankton (Anderson, 2005; Gregg et al., 

2003; Iglesias-Rodriguez et al., 2002; Le Quere et 

al., 2005; Litchman et al., 2007). The major 

phytoplankton groups have been grouped into 

four functional types (Blondel, 2003; Falkowski 

et al., 2003; Litchman et al., 2007; IOCCG, 2014) 

which are: Nitrogen fixers or diazotrophs (as 

Blue-green algae), Calcifier (as 

Prymnesiophyceae), Silicifier (as Diatoms), and 

Dimethyl Sulfoniopropionate Producers DMSP 

(as Dinophyceae, Chrysophyceae, Pelagophyceae, 

Prasinophyceae, Haptophyceae) (IOCCG, 2014). 

Phytoplankton study in Algerian sea waters is 

very interesting, given the specificity brought by 

the fertile of Atlantic current, which runs along 

the coast of Algerian Basin from West to East 

(Bernard, 1948, Millot, 1999). Although the main 

line of hydrological phenomena associated with 

the exchange of Atlantic and Mediterranean 

waters through the Gibraltar Strait, has been 

known for a long time. Algerian waters influenced 

by Atlantic enrichment, as well as the 

phytoplankton that colonizes them, are listed in 

few studies. The main investigations carried out 

are those of: (Bernard, 1948; Tellai, 1964; 

Pincemin, 1966; Lalami-Taleb, 1971, 1983; Illoul, 

1991, 2008; Benmeradi, 1993; Fiala, 1994; 

Videau et al., 1994; Boudjenah, 2019; Abdallah et 

al., 2024a). 

Through satellite imagery, the importance of 

phytoplankton was revealed by Boufeniza et al. 

(2020) at Algiers Bay and by Abdallah et al. 

(2024b) in the eastern Algerian waters. 

Nevertheless, our study represents the first 

investigation on the Phytoplankton Size Classes 

(PSCs) and Phytoplankton Functional Types 

(PFTs) in the eastern Algerian Basin by involving 

in situ measurements and remotely sensed data. 

Phytoplankton sensing via satellite imagery 

represents significant progress in oceanic optics. 

A variety of models (ecological, biological, and 

physical) has been established to investigate the 

PSCs and PFTs fractions using diverse 

approaches (Alvain et al., 2005, 2008; Ciotti and 

Bricaud, 2006; Uitz et al., 2006; Hirata et al., 2008, 

2011; Aiken et al., 2009; Bracher et al., 2009; 

Kostadinov et al., 2009; Brewin et al., 2010; 

Mouw and Yoder, 2010; Roy et al., 2013; Ben 

Mustapha et al., 2014; IOCCG, 2014; Di Cicco et al., 

2017). 

In this study, we used 11 years (2010–2020) of 

MODIS ocean color data to investigate 

phytoplankton composition and fluctuation in 

Bejaia Gulf and El Kala. The choice of the study 

areas is based on the loads of effluent discharged 

through the wadis, which differ between the two 

regions. First, we compared the in situ Chla 

measured in our study areas to that estimated 

using MODIS sensor algorithms (OC3M, OC4M, 
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OC5M, OC6M, Medoc3). Following that, the best 

performing Chla algorithm was used to evaluate 

the model of Di Cicco et al. (2017), which is based 

on the abundance approach, and was then 

applied to MODIS Chla data time series from 

January 2010 to December 2020. Afterwards, we 

mapped Chla, PFTs and PSCs distributions and 

analyzed their annual and monthly climatologies 

in each study area. Finally, the fluctuation of PFTs 

and PSCs in response to Sea Surface Temperature 

(SST) and precipitation was also investigated. 

 

2 METHODOLOGY 

2.1 Study area  

This study was conducted in the eastern Algerian 

waters (south-western Mediterranean Sea). 

Considering two study areas: Bejaia Gulf, which is 

delimited from 5° 02' to 5° 36' East and from 

36° 39' to 36° 47' North. On Bejaia’s coast are 

located Bejaia city and a relatively important 

industrial area. However, the harbor of Bejaia is 

one of the leading exporters of crude oil 

(Bakalem, 1999). The main wadis opening at sea 

are: Soummam Wadi, where various discharges 

are spilled out, Djemaâ Wadi; Agrioun Wadi 

where industrial wastewater is discharged 

(Mouni et al., 2009; Grimes, 2010; Merah, 2020). 

The second study area is El Kala waters, situated 

at the extreme eastern Algerian coast (from 8° 13’ 

to 8° 35’ East and from 36° 54’ to 37° 1’ North), 

stretches from Cape Rosa to Cape Segleb. The 

only wadi that flows into the El Kala coastal area 

is Messida. El Kala coast is connected to El-Mellah 

lagoon, which is allied by the marine waters but 

also by the fresh waters of three wadis: R’kibet, El 

Mellah and Belaroug (Arrignon, 1963; Guelorget 

et al., 1989) (Fig. 1). 

 

Figure 1. Study areas and location of sampling stations (the bathymetry data have been acquired from 

website GEBCO (The General bathymetric Chart of the Oceans) (https://download.gebco.net/).

https://download.gebco.net/
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2.2 In situ measurement 

As part of this study, 37 stations at Bejaia Gulf and 

32 at El Kala in coastal and offshore waters were 

sampled (Fig. 1) on March 21st, 2013, using a 5L 

Niskin bottle. All samples were collected from the 

surface layer (depth of less than 3 m). Our choice 

is supported by the considerations of D’ortenzio 

and prior (2012) on the optical features of the 

Mediterranean Sea, as well as a regular 

procedure for evaluating and validating Chla 

satellite measurements (Kahru et al., 2014). 

Sampling was carried out within ± 2h of MODIS 

passage, with the aim of reducing effects due to 

marine environment’s dynamic and abiotic 

conditions variation over time (Butt and Nazeer, 

2015; Mouw et al., 2015). 

After sampling, 1.5 L of sea water from each 

station was filtered using glass fiber filters, type 

GF/F (Whatman) of 25 mm diameter and 0.7 µm 

porosity. The examination of pigments was done 

in the laboratory. The concentration of 

Chlorophyll-a (Chla) was assessed using 

spectrophotometry after its extraction into 90% 

acetone. Thus, according to Lorenzen's method. 

which identifies it as a very valuable technique in 

wide scale marine ecological operations 

(Lorenzen, 1966). 

Temperature and salinity in situ measurements 

were obtained for each station using a 

multiparameter HANNA (HI 9829). The measures 

were performed by introducing the sensor into 

the Niskin bottle after each sample. 

2.3 Remote sensing data 

Ocean color data for the same sampling date, 

March 21st, 2013, were provided by the Moderate 

Resolution Imagery Spectroradiometer (MODIS 

sensor) for the evaluation and validation of Chla 

algorithms. The satellite produces daily images of 

the study areas with a spatial resolution of one 

kilometer. The NASA’s Ocean Color website 

(https://oceancolor.gsfc.nasa.gov/) has been 

used to download all level 2 (L2) images that 

partially or completely cover our study areas for 

the period from January 2010 to December 2020. 

Reflectance values in MODIS-AQUA spectral 

bands (412, 443, 488, 531, 547, 555, 645, 667, 

and 678 nm) are included in each image. The 

scene sections, including the pixel closest to the 

sampling stations were extracted (distance 

< 1km between the pixel and the point sampling). 

Inadequate catches due to clouds were 

eliminated. 

The sea surface temperature daily data (2010-

2020) were also provide using the same sensor 

(MODIS-Aqua) from the NASA website 

(https://oceancolor.gsfc.nasa.gov), all Level 2 

images covering our study areas were acquired. 

On the other hand, the monthly and annual 

cumulated precipitation data (2010-2020) for 

the entire study areas have been acquired from 

the NASA website 

(https://giovanni.gsfc.nasa.gov). Sentinel 

Application Platform (SNAP) version 7.0 was 

used to process the images and apply the 

algorithms. 

2.3.1 Algorithms 

Chlorophyll-a estimation algorithms: Here we 

focus on the algorithms proposed by O'Reilly et 

al. (1998), which are polynomial algorithms that 

relate the reflectance ratio involving several 

wavebands between blue and green for each 

version OC3M, OC4M, OC5M, OC6M. The Medoc 3 

developed for Mediterranean open ocean waters 

by Santoleri et al. (2008) was also tested, it 

follows the OC3M formulation but with modified 

https://oceancolor.gsfc.nasa.gov/
https://oceancolor.gsfc.nasa.gov/
https://giovanni.gsfc.nasa.gov/
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coefficients. Chla concentration is calculated from 

polynomial equation of four order. All algorithms 

follow the same formula (Eqt. 1) with distinct 

coefficients. The coefficients were derived from 

O'Reilly et al. (2019). 

𝑙𝑜𝑔10(𝐶ℎ𝑙𝑎) = 𝑎0 + 𝑎1𝑋 + 𝑎2𝑋
2 + 𝑎3𝑋

3 + 𝑎4𝑋
4   (Eqt. 1) 

where a0, a1, a2, a3, a4 are the polynomial fit 

coefficients and X is: 

𝑋 = 𝑙𝑜𝑔10(𝑅𝑟𝑠𝑏𝑙𝑒𝑢/𝑅𝑟𝑠green)   (Eqt. 2) 

The evaluation of these algorithms allowed for 

the selection of the one that best fits measured 

data, which will then be considered subsequently 

in the assessment of Di Cicco et al. (2017) model. 

Phytoplankton estimation algorithms: The 

regional model of Di Cicco et al. (2017) follows 

the abundance approach, selecting the Chla as an 

indicator of the trophic quality of the marine 

environment. They used in situ phytoplankton 

pigment composition data measured by high 

performance liquid chromatography, to estimate 

the fractional contribution of the different groups 

to the Chla in the Mediterranean waters. This 

subsequently allowed the establishment and 

fitting of nine empirical equations in order to 

estimate the PSCs (micro, nano, and pico-

phytoplankton) and PFTs (diatoms, dinophytes, 

cryptophytes, green algae and prochlorophytes, 

haptophytes, and prokaryotes) fractions, from 

the Chla obtained from the satellite 

measurements.  

2.3.2 Statistics 

For the measured data, the statistics calculated 

are minimum, maximum, and mean. Regression, 

p-value, and the coefficient of determination (R²) 

were performed using the R software (version 

4.0.2). Other indicators were used to evaluate the 

performance of algorithms, including root mean 

square error (RMSE, Eqt. 3), root mean square 

difference (RMSD, Eqt. 4), mean bias error (MBE, 

Eqt. 5), and (BIAS, Eqt. 6). 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑀𝑜𝑑𝑒𝑙𝑖 − 𝑖𝑛𝑠𝑖𝑡𝑢𝑖)

2𝑁
𝑖=1         (Eqt. 3) 

𝑅𝑀𝑆𝐷 = √
1

𝑁
∑ (𝑙𝑜𝑔10𝑀𝑜𝑑𝑒𝑙𝑖 − 𝑙𝑜𝑔10𝑖𝑛𝑠𝑖𝑡𝑢𝑖)

2𝑁
𝑖=1       (Eqt. 4)  

𝑀𝐵𝐸 =
1

𝑁
∑ (𝑀𝑜𝑑𝑒𝑙𝑖 − 𝑖𝑛𝑠𝑖𝑡𝑢𝑖)

2𝑁
𝑖=1       (Eqt. 5)  

𝑀𝐵𝐸 =
1

𝑁
∑ (𝑙𝑜𝑔10𝑀𝑜𝑑𝑒𝑙𝑖 − 𝑙𝑜𝑔10𝑖𝑛𝑠𝑖𝑡𝑢𝑖)

2𝑁
𝑖=1         (Eqt. 6) 

 

3 RESULTS AND DISCUSSION 

The average Chla content measured at the surface 

water was 0.297 and 0.339 mg m-3 with a 

minimum of 0.192 and 0.126 mg m-3 and a 

maximum of 0.972 and 0.7 mg m-3 in Bejaia Gulf 

and El Kala waters, respectively. The highest 

values of Chla are found along the coastal edge, 

located near Soummam Wadi and that of Agrioun 

for Bejaia Gulf, and near Messida Wadi and Cap 

Rosa in El Kala. Overall, the concentrations are 

contingent on the other stations and decrease as 

one move from the coast to the open sea for both 

study areas. 

The average salinity measured in surface water 

was 36.12 and 36.76 psu with a minimum of 

35.04 and 36.23 psu and a maximum of 36.85 and 

36.98 psu for Bejaia Gulf and El Kala waters, 

respectively. The lowest values of salinity are 

located near the Agrioun and Djemâa Wadis for 

Bejaia Gulf, and near Messida Wadi for El Kala, 

which can be explained by the contributions of 

fresh water led by the wadis.  

The average temperature observed at the surface 

water was 15.12 and 15.08 °C, with a minimum of 

14.61 and 14.84 °C and a maximum of 15.86 and 

15.91 °C for Bejaia Gulf and El Kala waters, 

respectively. The temperature measured is quite 
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irregular and the maxima are measured near the 

harbor and Soummam wadi for Bejaia Gulf, and 

close to Messida wadi for El Kala. 

3.1 Evaluation and validation of MODIS-Aqua 

Chla algorithms 

Thirty sex and 31 match-ups for Bejaia Gulf and 

El Kala, respectively, were confronted with the 

satellite data. For both study areas, all Chla 

estimation algorithms dedicated to MODIS show 

good performances with in situ data (R² from 0.75 

to 0.89), except for OC6M, which shows a medium 

correlation (0.534 for Bejaia Gulf) (Table 1). 

However, the one that reveals the best 

performance (R² = 0.818, BIAS = 0.726) and 

overestimates the least measured data is the 

OC5M version (RMSD = 0.729, slope = 7.36) for 

Bejaia Gulf, and the OC4M version for El Kala 

(R² = 0.89, BIAS = 0.642, RMSD = 0.652). Those 

two algorithms were selected to estimate the 

daily Chla for each study area, for the period from 

January 2010 to December 2020, and then 

implied to estimate phytoplankton fractions 

using the algorithms designed to assess 

phytoplankton abundance. 

3.1.1 Evaluation and validation of Di Cicco 
et al. (2017) algorithms 

We tested the model of Di Cicco et al. (2017), 

which is a set of empirical equations based on the 

abundance of PSCs and PFTs. For both study 

areas, the model shows good performances for 

most phytoplankton groups considered (Table 

2). With a strong coefficient of determination 

ranging from 0.739 to 0.816 for Bejaia Gulf except 

for the Dinophytes (R² = 0.663). Regarding El 

kala, the same model performs strongly (R² from 

0.767 to 0.872) except for the nano component 

(R² = 0.572), dinophytes (R² = 0.549), and 

haptophytes (R² = 0.566) it shows medium 

performances (Table 2). The deviation of the 

estimated data, from the observed in situ data 

represented by the RMSE, decreases while 

passing from the model application in Bejaia to El 

Kala, except for nano class and haptophytes 

(Table 2). 

 

Table 1. Statistical results of the evaluation of MODIS Chla algorithms 

 Bejaia Gulf El Kala waters 

Algorithm R2 BIAS RMSD Slope Intercept R2 BIAS RMSD Slope Intercept 

OC3M 0.795 0.859 0.865 13.89 -1.724 0.782 0.719 0.731 9.059 -1.057 

OC4M 0.805 0.787 0.794 11.97 -1.513 0.890 0.642 0.652 5.587 -0.299 

OC5M 0.818 0.726 0.729 7.363 -0.527 0.781 0.590 0.601 3.749 0.101 

OC6M 0.609 0.721 0.735 13.37 -2.081 0.756 0.532 0.542 2.652 0.259 

MEDOC3 0.788 0.936 0.949 22.95 -3.667 0.867 0.766 0.794 13.174 -1.922 

For both study areas, all groups show very low values of 

the mean bias error (MBE), ranging from -0.178 to 0.171, 

and that for the evaluation data set (Table 2). The MBE 

demonstrates that Di Cicco's et al. (2017) model slightly 

overestimates the micro component in both regions 

(0.159 for Bejaia, and 0.149 for El Kala). For the nano and 

pico-classes, the model's behavior is reversed, 

underestimating the observed values. However, this 

underestimation remains minor. For the pico-

phytoplankton, a convergent MBE is noticed for both 

study areas, which can be explained by the fact that this 

algorithm is derived by subtraction (Table 2). 
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Table 2. Statistical results of the evaluation of Di Cicco et al. (2017) phytoplankton algorithms. MBE 

and RMSE (mg m−3) 

 Bejaia Gulf El Kala waters 

PSCs/PFTs R2 MBE RMSE R2 MBE RMSE 

Micro-phytoplankton 0.815 0.158 0.162 0.872 0.149 0.161 

Nano-phytoplankton 0.745 -0.012 0.031 0.572 -0.018 0.052 

Pico-phytoplankton 0.806 -0.145 0.146 0.849 -0.131 0.133 

Diatoms 0.814 0.171 0.175 0.869 0.160 0.172 

Dinophytes  0.663 -0.013 0.013 0.566 -0.010 0.011 

Cryptophytes 0.813 0.068 0.069 0.869 0.063 0.068 

Green algae and prochlorophytes 0.809 -0.022 0.023 0.825 0.009 0.009 

Prokaryotes 0.753 -0.178 0.179 0.767 -0.150 0.153 

Haptophytes 0.739 -0.025 0.059 0.549 -0.072 0.119 

Mean 0.773 -2.07E-11 0.0953 0.749 1.23E-17 0.098 

The statistical results revealed that Di Cicco et al. 

(2017) model performed very well in our study 

areas, with a mean coefficient of determination 

over all PFTs of 0.773 and 0.749 and with a mean 

RMSE of 0.095 and 0.098 for Bejaia Gulf and El 

Kala, respectively, while the mean MBE is very 

low for both study areas (Table 2). The model was 

applied over an 11-year time series of satellite 

Chla to calculate phytoplankton fractions in our 

study areas and to plot the spatio-temporal 

variation of PSCs and PFTs. Figures 2 and 3 

illustrate the annual climatology of PSCs and 

PFTs (2010-2020), respectively. 

3.2Application of the regional algorithms to 

daily Chla time series (2010-2020) 

3.2.1 Annual climatology 

Figure 2 depicts the fractions of Chla represented 

by each phytoplankton class (PSCs) for each pixel. 

While in Figure 3, the PFTs fractions were 

mapped. The percentage maps give fraction 

values relative to Chla concentration (Fig. 2, A: 

Bejaia Gulf, B: El Kala waters). The annual 

climatology of Chla shows that the highest 

concentrations are found near the coast and at 

the level of the wadi’s embankments, reaching 

0.59 mg m⁻³ for El Kala and 1.04 mg m⁻³ for 

Bejaia Gulf. These findings are coherent with 

previous research, which noticed that biomass 

maxima are generally located near the coasts, 

especially when they are close to the outlets of 

large rivers (D'Ortenzio and Ribera d'Alcalà, 

2009). Chla’s distribution is typically 

characterized by a decreasing gradient from 

coastal to offshore waters and from the west to 

the east, showing an average of 0.37 mg m-3 for 

Bejaia Gulf and 0.26 mg m-3 for El Kala waters, 

supporting the findings of Siokou-Frangou et al. 

(2010) and Estrada and Vaqué (2014). 

Bejaia Gulf is represented by a significant average 

abundance of the micro class, about 43.4%, 

followed by the nano class, about 41.5%, and 

lastly the pico-plankton, with 15.1% of Chla. 

While El Kala is represented principally by the 

nano class (average abundance = 46.2% of Chla), 

followed by the pico-phytoplankton at about 

34.6% and, at last, the micro-phytoplankton with 

19.2% of Chla. 
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Figure 2. Annual climatology (2010-2020) of the Chla and PSCs (Bejaia Gulf on the lift side and El Kala on 

the right one) for each pixel, fractions are expressed in % with respect to the Chla. PSCs are retrieved 

applying Di Cicco et al. (2017) algorithms on the daily Chla times series OC5M for Bejaia Gulf (A), and 

OC4M for El Kala (B); (C and D) Micro-phytoplankton; (E and F) Nano-phytoplankton; and (G and H) Pico-

phytoplankton. 
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Figure 3. Annual climatology (2010-2020) of the PFTs for each pixel; fractions are expressed in % with 

respect to the Chla. PFTs are retrieved by applying Di Cicco et al. (2017) algorithms on the daily Chla time 

series (OC5M for Bejaia Gulf and OC4M for El Kala). (A and B) Diatoms, (C and D) Dinophytes, (E and F) 

Cryptophytes, (G and H) Green algae and Prochlorophytes, (I and J) Haptophytes, and (K and L) 

Prokaryotes, for Bejaia Gulf and El Kala Coast, respectively 

 

The locations where the Chla climatology 

indicates the lowest absolute concentrations (Fig. 

3, A and B), the pico-phytoplankton fraction 

attains its highest abundance, and that for both 

study areas (Fig. 2. G, and H), while in the more 

productive region of the Basin, the contribution 

of the pico component in terms of Chla 

concentration corresponds to a relatively small 

percentage of Chla, which fits the reasoning of 

Chisholm (1992), and supports the 

considerations of Li (2002), where the pico-

phytoplankton contribution declines as Chla 

concentration increases. Regarding Bejaia Gulf, 

the pico-phytoplankton contribution remains 

less important than the other two classes, even 

when it reaches its maximums, representing at 

least half of the contribution of the other two 

classes. While in El Kala waters, it contributes 

nearly twice as much as micro-phytoplankton. 

Conversely, for both study areas, in regions 

where the Chla concentration reaches higher 

values, the micro component reaches its 

maximum, the contribution percentage of the 

micro component increases following the 

gradient of Chla which decreases from the coastal 

to the offshore waters (Fig. 2. C and D). The 

highest values for the micro-phytoplankton class 

are observed along the coastal edge of both study 

areas, as well as near the harbor and the outlets 

of the wadis, mainly the Soummam and Agrioun 

wadis for Bejaia Gulf, which provide a high level 

of pollution due to the urban and industrial 

discharges they carry (Mouni et al., 2009; Merah, 

2020). And near El Mellah Lagoon, which carries 

out hydrodynamic exchanges with the littoral 

and tends to fertilize El Kala coast with nutrients 

(Retima, 1998). Thus, explaining the important 

contribution of nutrients favoring the 

development of micro-phytoplankton in 
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comparison with the other two classes. The nano-

phytoplankton abundances are relatively high 

and homogeneous, ranging from 44 to 48% of 

Chla, and from 19 to 44% of Chla for El Kala 

waters and Bejaia Gulf, respectively (Fig. 2. E and 

F). 

For the PFTs, the abundance of each class in 

regard to Chla concentration (Fig. 3), reflects the 

gradient of this pigment (Fig. 2. A and B), as was 

the case for the size classes, showing for diatoms 

(Fig. 3. A and B), and cryptophytes (Figs. 3E and 

F) higher abundances along the coast, whereas 

their lowest abundances are observed offshore 

for both study areas. The haptophytes are 

represented inversely with high values at the 

offshore, although abundance remains high and 

varies slightly until it reaches a minimum on the 

west side of Bejaia Gulf, but it always remains 

high on the other side (Fig. 3. I). Regarding El Kala 

waters, the haptophytes (Fig. 3. J) show high 

abundance in the entire study area (49 to 52% of 

Chla). The abundance of dinophytes follows a 

regular distribution expressed by very low values 

(Fig. 3. C and D) in both study areas. Prokaryotes 

are less abundant in Bejaia Gulf (average = 4.5%) 

compared with El Kala (average = 26.6%) (Fig. 3. 

K and L). 

Annual climatological analysis indicates that 

diatoms are the major component of micro-

phytoplankton in almost all of Bejaia Gulf 

(average = 39.3%), representing the absolutely 

dominant group in the coastal waters (Fig. 3. A). 

This can be justified by their ecological strategy, 

which is physiologically best adapted to high 

dynamic conditions and more effective in 

nutrient absorption. Furthermore, they can 

absorb nutrients and store them in their large 

vacuoles, depriving other groups while 

promoting their own growth (Margalef, 1978; 

Falkowski et al., 2003; Litchman et al., 2007; 

Estrada and Vaqué, 2014). It also agrees with the 

considerations of Falkowski et al. (1998) 

regarding the availability of silica, which mainly 

comes from rivers, being aware that this element 

is fundamental for Diatom’s proliferation.  

The second most important group in terms of 

Chla concentration is the Haptophytes (Fig. 4. I), 

which represent the dominant class within the 

nano-phytoplankton throughout Bejaia Gulf 

(average = 37.2%), and in this study, it dominates 

the offshore waters. Cryptophytes (Fig. 3.E) are 

dominant in pico-phytoplankton and can be 

considered the third group in terms of Chla 

concentration (average = 37.2%), followed by 

prokaryotes (Fig. 3.K), dinophytes (Fig. 3.C), and 

finally green algae and prochlorophytes with 

trace concentrations (Fig. 3.G).  

Regarding El Kala, and at the scale of the entire 

study area, the haptophytes (Fig. 3. J) are the 

major component of the nano-phytoplankton 

with an average of 50.4% of Chla, reaching their 

maxima near the coastal edge (52.97%), and that 

agrees with Di Cicco et al. (2017) observations 

concerning the dominance of haptophytes along 

the Algerian-Tunisian coasts, followed by 

prokaryotes (Fig. 3. L), which represent the 

dominant group within the pico-phytoplankton 

(average = 25.6% of Chla). Diatoms (Fig. 3. B) 

come in third position with 13.6%, followed by 

dinophytes (Fig. 3. D), cryptophytes (Fig. 3. F), 

and last, with the lowest average (6.33579 E-10), 

the green algae and prochlorophytes, 

represented by trace concentrations (Fig. 3. H). 

For PFTs and PSCs annual climatology, the 

ANOVA test was performed to investigate the 

difference of PFTs and PCSs abundance between 

the two regions. The test yields the same p-value 
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of 0.000 for all groups, which is highly significant 

(p-value less than 0.001). The average abundance 

of all size classes and functional groups in Bejaia 

Gulf is found to be significantly different from 

that observed in El Kala. Micro-phytoplankton is 

more abundant in Bejaia Gulf (mean = 43.38) 

than in El Kala (mean = 19.13), whereas the nano-

phytoplankton and pico-phytoplankton are more 

abundant in El kala with means of 46.10 and 

34.76, respectively. In terms of PFTs, the test 

shows that diatoms (mean = 39.32) and 

cryptophytes (mean = 14.88), and the green algae 

and prochlorophytes with a negligible 

contribution, are more plentiful in Bejaia Gulf. 

While haptophytes (mean = 50.36), prokaryotes 

(mean = 25.82), and dinophytes (mean = 5.63) 

are more abundant in El Kala. In the 

Bioregionalization proposed by D'Ortenzio and 

Ribera d’Alcalà (2009) with seven models, which 

was expanded to eleven bioprovinces by Mayot et 

al. (2016). The Algerian Basin is labeled as a "No 

bloom" region. Nonetheless, previous research 

demonstrated heterogeneity in nutrient and 

phytoplankton distribution, as well as an 

unexpectedly high biomass, according to Sournia 

(1973). Furthermore, the Algerian eastern Basin 

is highlighted by strong mesoscales and 

considered as one of the most energetic sections 

of the entire Mediterranean Sea (Larnicol et al., 

1995; Ayoub et al., 1998; Vignudelli, 1997; Millot, 

1999). This could explain the heterogeneous 

distribution of PSCs and PFTs, and the substantial 

variation within every group's contribution and 

abundance between the two study regions. 

3.2.2 Monthly climatology 

Figure 4 depicts the monthly climatology of each 

size class in Bejaia Gulf and El Kala, averaged over 

the entire study area. On the scale of the two 

study regions, the nano-phytoplankton is the 

most representative component of the Chla, 

followed by the pico, and lastly, the micro-

phytoplankton with the lowest contribution to 

the Chla. Our results support the findings of Uitz 

et al. (2012), who indicated that the primary 

production in the Mediterranean Sea is mainly 

attributable to the nano-phytoplankton element. 

 

Figure 4. Monthly average climatology (2010-

2020) of the PSCs in terms of their contribution 

to the Chla (mg m-3) 

The monthly climatology of the PFT’s (Fig. 5) 

confirms the predominance of haptophytes 

within the nano-phytoplankton in both study 

areas (average = 0.47 and 0.48 mg m-3 of Chla) for 

Bejaia and El Kala, respectively, followed by 

prokaryotes (average = 0. 23 mg m-3 of Chla for 

Bejaia and 0.29 mg m-3 of Chla for El Kala), and 

diatoms, which represent the main component of 

micro-phytoplankton (average = 0.15 and 

0.12 mg m-3 of Chla for Bejaia and El Kala, 

respectively) (Fig. 5 and 6). The cryptophytes and 

dinophytes are present all over the year in both 

study areas, but their contributions to the Chla 

remain low (Fig. 5A, B). And last come the green 

algae and prochlorophytes with the weakest 

average fraction (0.015 for Bejaia Gulf and 

5,817E-12 mg m-3 for El Kala of Chla) and a 

contribution almost insignificant (Fig. 5 and 6). 
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Figure 5. Monthly average climatology (2010-

2020) of the PFTs in terms of their contribution 

to the Chla (mg m-3) 

In both study areas, productivity begins in 

November with an average Chla of 0.37 and 

0.20 mg m-3 in Bejaia Gulf and El Kala, 

respectively, and ends in April for El Kala and 

in March for Bejaia Gulf meeting their peaks in 

December with Chla of 1.23 mg m-3 for Bejaia 

Gulf and in January with Chla of 0.53 mg m-3 for 

El Kala waters, while the lowest Chla is 

estimated during the summer season for both 

regions (Fig. 6). Our findings match the 

seasonal cycle of the Algerian Basin established 

by Bosc (2002), which is marked by a 

maximum of biomass in winter, an early 

autumn onset with a smaller phytoplanktonic 

bloom, and minimal biomass in summer. Our 

estimations are also consistent with the 

Mediterranean seasonality curve, which was 

plotted based on 10 years of in situ 

measurements by Marty et al. (2002) and 

highlighted by Siokou-Frangou et al. (2010) 

synthesis of phytoplankton studies in the 

Mediterranean Sea, and largely substantiated 

by satellite data (Morel and André, 1991; Bosc 

et al., 2004; D'Ortenzio and Ribera d’Alcalà, 2009; 

Sammartino et al., 2015; Mayot et al., 2016). 

 

Figure 6. Monthly Climatology of Chla 

concentration (mg m-3) along the time series 

(01/2010 to 12/2020) 

3.2.3 Variability of PFTs in response to SST 
and precipitation 

The sea surface temperature, which exemplifies 

the thermal stratification of the ocean, has an 

average of 21.02 ℃ and 21.08 °C in Bejaia Gulf 

and El Kala, respectively, for the period (2010-

2020). Rainfall is important in plankton dynamics 

because it brings a significant amount of 

nutrients as well as participate to the initiation of 

spring blooms (Zingone et al., 1995; Jamet et al., 

2005). It has an average of 1144 mm in Bejaia 

Gulf and 1310 mm in El Kala. PFTs and PSCs 

abundance in our study areas is affected 

differently by those environmental factors. 

The study of the variability of PFTs and PSCs in 

response to SST and precipitation fluctuations in 

Bejaia Gulf revealed that the abundance of PSCs 

and PFTs is strongly influenced by precipitation 

(p-value = 0.000, R2 = 37.79 to 53.23%). The 

effect of SST remains insignificant, as confirmed 

by the study of each factor separately, where the 

variation in PFTs and PSCs depends primarily on 

precipitation. On the scale of the entire gulf, the 

precipitation varies considerably (796 to 1505 

mm). In contrast, the abundances of diatoms and 

cryptophytes are negatively dependent on 

rainfall, whereas dinophytes, prokaryotes, and 
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haptophytes have a positive dependency (Table 

3). Because the chemical and physical features of 

rain are fluctuating wildly, precipitation could be 

a major driver of change in the ocean. 

Rainwater's chemical composition has altered 

substantially because of pollutants accumulating 

in the atmosphere resulting of increased usage of 

fossil fuels and agricultural fertilizers. Sulfur, 

nitrogen, and heavy metals are among the 

pollutants that end up in the marine environment 

by precipitation (Rodhe et al., 2002; Galloway et 

al., 2004, 2008; Doney et al., 2007).  

While in El Kala, both SST and precipitation affect 

PSCs and PFTs abundance (p-value = 0.000, 

R2 = 52.46 to 57.03%). Nevertheless, the study of 

their dependence separately reveals that the SST 

affects the variability of PSCs and PFTs more than 

the precipitation (Table 3), supporting the 

considerations of Hays et al. (2005), where 

temperature variations cause a change in 

phytoplankton distribution as well as in their 

composition and abundance. Diatoms, 

cryptophytes, and haptophytes show a positive 

relationship with SST, whereas dinophytes and 

prokaryotes have a negative dependency with 

SST (Table 3). Our results can’t be explained by 

the ecological preferences of each group since the 

SST varies slightly (21 to 21.19 °C) in El Kala 

waters and over the eleven study years. 

Table 3. Statistical results of the PFTs and PSCs dependency model in responses to SST and precipitation in Bejaia 
Gulf and El Kala. (Applied on the annual climatology) 

 Bejaia Gulf El Kala 

PFTs/PSCs Model formula p-value R2 (%) Model formula p-value R2 (%) 

 
Micro-

phytoplankton 

57.102 - 0.011606 Prec 0.000 42.53 -290.8+ 14.69 SST 0.000 43.02 
97.0 - 1.87 SST 
- 0.012017 Prec 

0.000 42.95 -240.3+ 12.45 SST 
- 0.002348 Prec 

0.000 55.10 

 
Nano-

phytoplankton 

34.855 + 0.005655 Prec 0.000 41.59 -190.1+ 11.19 SST 0.000 47.07 

15.4 + 0.915 SST 
+ 0.005856 Prec 

0.000 42.01 -160.8 + 9.89 SST 
- 0.001363 Prec 

0.000 54.71 

 
Pico-

phytoplankton 

8.044 + 0.005950 Prec 0.000 43.42 580.8 - 25.89 SST 0.000 48.37 

-12.4 + 0.959 SST 
+ 0.006161 Prec 

0.000 43.85 501.1 - 22.34 SST 
+ 0.003711 Prec 

0.000 56.86 

 
Diatoms 

53.184 - 0.011728 Prec 0.000 43.03 -322.7 + 15.94 SST 0.000 42.68 

93.4 - 1.89 SST 
- 0.012143 Prec 

0.000 43.45 -267.3 + 13.47 SST 
- 0.002578 Prec 

0.000 54.96 

 
Dinophytes 

3.91766+ 0.000122 
Prec 

0.000 37.74 31.94 - 1.247 SST 0.000 38.19 

3.576 + 0.0161 SST 
+ 0.000126 Prec 

0.000 37.99 27.00 - 1.027 SST 
+ 0.000230 Prec 

0.000 52.46 

 
Cryptophytes 

20.119- 0.004428 Prec 0.000 43.24 -140.4 + 6.879 SST 0.000 43.27 

35.29- 0.713 SST 
- 0.004584 Prec 

0.000 43.67 -116.8 + 5.828 SST 
- 0.001098 Prec 

0.000 55.39 

Green algae+ 
prochlorophytes 

0.00- 0.00Prec 0.000 40.8 -0.00+ 0.00 SST 0.000 45.97 

0.00- 0.00 SST 
- 0.00 Prec 

0.000 41.21 -0.00+ 0.00 SST 
- 0.00Prec 

0.000 54.93 

Prokaryotes 2.8701 + 0.001363 Prec 0.000 53.23 752.9 - 34.47 SST 0.000 45.97 

-1.28 + 0.195 SST 
+ 0.001406 Prec 

0.000 53.64 643.3 - 29.59 SST 
+ 0.00510 Prec 

0.000 57.03 

Haptophytes 19.91 + 0.014671 Prec 0.000 39.75 -221.7 + 12.89 SST 0.000 47.17 

-31.0 + 2.39 SST 
+ 0.01520 Prec 

0.000 40.15 -186.2 + 11.31 SST 
- 0.001652 Prec 

0.000 55.69 

SST: Sea surface temperature, Prec.: Precipitation. 
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4  CONCLUSION 

The current study has confirmed that satellite 

derived data remains the best alternative to fill 

the lack of in situ data due to the inaccessibility of 

some sites, and even when we can access them, 

the necessary material means, and laboratory 

analysis remain prohibitively expensive. 

Furthermore, unlike in situ data, which is limited 

to a specific location, satellite data enables long-

term and expanded spatial monitoring. 

In this study, we were interested in providing an 

overview of the spatial and temporal variability 

of phytoplankton size classes and functional 

types using satellite images for the first time in 

Eastern Algerian waters. The phytoplankton 

estimation model's assessment reveals that the 

algorithms developed by Di Cicco et al. (2017) 

perform strongly in both study areas. which can 

be explained by the fact that this model has been 

calibrated for the Mediterranean region and 

validated for all Mediterranean trophic regimes, 

of which our study areas are a part. 

The Chla data, derived from MODIS images, 

permitted us to conduct a first analysis on the 

distribution of PSCs and PFTs in the surface water 

of Bejaia Gulf and El Kala over an 11-year period 

(2010–2020), which revealed several points of 

consistency with previous research conducted at 

the Mediterranean scale, but also differences as 

well as more information, particularly on the 

coastal edge. 

This study confirmed that the PFTs are strongly 

influenced by environmental factors such as the 

sea surface temperature and precipitation. 

However, their responses vary from one area to 

another, which can be explained by the 

morphological distinction of each area. 

Nevertheless, the interpretation of those 

fluctuations remains complicated considering the 

number of abiotic factors that can co-vary with 

SST and precipitation. 

This study is an initiation. The deficit of validation 

and calibration research fields in our study areas 

leads us to other questions: Is it necessary to 

design a specific model for each Gulf and Bay? 

which can consider the heterogeneity of each 

region in terms of geomorphological 

characteristics, and physical characteristics such 

as the sea surface temperature, bathymetry, and 

the mixed layer depth, to better understand the 

spatiotemporal variations of biological 

parameters such as Chla and phytoplankton, 

especially along the coastline. Or is it adequate to 

opt for calibrations in each area, taking into 

consideration all photosynthetic pigments? 

These questions define our perspectives, in order 

to improve the model accuracy allowing for a 

better representation of the satellite data and 

obtaining information that is even closer to the 

field reality. Thus, tracking the spatio-temporal 

variation of these components, as well as 

monitoring the state of the marine environment 

in order to mitigate the effects of anthropogenic 

activities. 
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