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Abstract:  
 
This study deals with the use of a multivariate analysis method in order to understand the functioning 
of the Bizerte lagoon ecosystem. A set of hydrobiological parameters was collected during 10 monthly 
campaigns in 2004. A variant of the EOF (Empirical Orthogonal Function) technique is used to 
examine hydrobiological variability modes in this lagoon. The permanent features characterising the 
lagoon are obtained by applying the EOF technique to data after removing the annual cycle. Two 
major modes were obtained. The first one shows a contrast between the northern sector of the lagoon, 
influenced by the Mediterranean Sea, and the southern one influenced by continental waters. This 
mode is mostly prominent for temperature and salinity. The second mode shows a contrast between 
shallow waters along the coastal zones and the deep central area of the lagoon. This contrast is more 
pronounced towards the southwestern edge of the lagoon, a region of important freshwater input from 
the Tinja channel, which drifts towards the downstream area of Menzel Bourguiba. This second mode 
may also correspond to northward water circulation under southerly wind blowing frequently in 
summer. The spatial and temporal variability in the lagoon is highlighted by applying the EOF to the 
raw data without removing the annual cycle. A weight series is obtained for each variable by extracting 
the corresponding data and then projecting them on the corresponding eigenvector. Using this 
technique, only one mode was found dominant with more than 52% of the total variance. It was also 
found that the north–south contrast of temperature, salinity and phosphorous and the coast-centre 
contrast of Chlorophyll a are enhanced in summer. Other variables such as ammonia and nitrate also 
show significant annual cycles but with local patterns.  
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1. Introduction 

 
Many lagoons in the Mediterranean basin suffer from degraded conditions, because of the 
anthropogenic pressures, including urban, agricultural and industrial waste (De Casabianca et al., 
1997; Solidoro et al., 2005). The risk of eutrophication increases correspondingly, even though the 
exchange with marine waters, which usually are more oligotrophic, is a mitigation factor (Pitta et al., 
2001; Ridame and Guieu, 2002). Given the high value of lagoon ecosystems, in terms of biodiversity 
and socio-economic facilities, it is important to continue to reinforce actions aiming to protect and 
restore these ecosystems. This requires a proper knowledge of the basic ecosystem functioning 
(IFREMER, 2000). 
The Empirical Orthogonal Functions (EOF) analysis is a numerical technique widely used in the study 
of ocean and atmospheric datasets (Kutzbach, 1967; White et al., 1958; Loève, 1963; Schrum et al., 
2006). The EOF technique aims to reduce the dimensionality of a dataset by projecting the samples 
on to a smaller dimension space spanned by a number of orthogonal axes, chosen so as to retain 
most of the information (Escofier and Pagès, 1990). It also allows to optimize the appropriate choice of 
parameters, the spatial distribution and the sampling frequency of monitoring programs (Ben 
Hamadou et al., 2001). The method is formally analogous to the Principal Component Analysis, and 
was first developed by Pearson (1901) and Hotelling (1933). The method was also applied to 
hydrobiological data (Ibanez, 1976; Engtrom-Ost et al., 2002 ; Duigan and Kovach, 1991; Legendre 
and Legendre, 1998 ; Carrel et al., 1986 ; Larissi et al., 2001). The study of Labbardi et al. (2005) 
brought out the physico-chemical characteristics of Moulay Bousselham lagoon (Morocco) using the 
EOF technique. 
 
The aim of this study is to investigate the hydrobiological functioning of the Bizerte lagoon using the 
EOF decomposition with two different normalization procedures. We shall demonstrate that those 
approaches are efficient for the derivation of patterns describing the functioning of this ecosystem. In 
section 2 we will present the laboratory analyses and the EOF approach. In section 3, the results 
concerning permanent and variable features derived from the EOF decomposition will be commented 
on. The paper ends with a discussion in section 4. 
 

2. Material and methods 

 

2.1. Study site 

The Bizerte lagoon is a Mediterranean lagoon located in the northern coast of Tunisia (latitude: 37 °8'-
37°14' N, longitude: 9°46' - 9°56' E). It covers an area of 128 km2 and has a mean depth of 7 m. It is 
connected to the Mediterranean Sea through a 6-km long inlet and to the Ichkeul Lake through the 
Tinja channel, which is approximately 5-km long and a few meters in depth (3 m in the overflow 
period) (Fig. 1). The lagoon lies in the vicinity of several towns (Bizerte, Zarzouna, Menzel 
Abderrahmen, Menzel Jemil, and Menzel Bourguiba) and industrial units (Fig. 2). This ecosystem is 
affected by various anthropogenic activities, including domestic sewage input, industrial waste, 
atmospheric pollution, farmland and bivalve aquaculture.  
Water temperature in the lagoon follows a seasonal cycle, ranging between 10 °C in winter and 28 °C 
in summer (Harzallah, 2002). The water salinity ranges from 30 in winter to 38 in summer (ANPE, 
1990, Béjaoui et al., 2005). As far as we know, no detailed current observations in the lagoon have 
been made. Only a schematic circulation based on a visual depiction was mentioned by Frisoni et al. 
(1986). They showed a cyclonic circulation with convergence towards the lagoon centre. A recent 
study, based on numerical modelling, was performed by Harzallah and Koutitonsky (2001) focusing on 
water and heat exchange between the lagoon and the Mediterranean Sea. 
The evaporation in the lagoon is great (166 Million m3/year) particularly in summer (166 Million 
m3/year). Precipitation does not exceed 146 Million m3/year in winter and it is weak and scarce in 
summer (74 Million m3/year). The water input from the Ichkeul Lake has dramatically decreased during 
the last decades as an effect of the construction of dams discharging into this Lake (MAERH, 2003). 
This has led to significant alteration of the water characteristics of the lagoon, particularly a dramatic 
increase in salinity. 
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2.2. Experimental observation 

Ten sampling campaigns were carried out during the year 2004, from January to December, roughly 
monthly. In situ measurements and water sampling were performed during those campaigns. Eight out 
of the 10 campaigns (January, February, March, April, July, August, November, and December) 
covered 10 sampling stations (Fig. 2). Two campaigns had a finer spatial resolution, with 118 sampling 
stations in May and 40 sampling stations in September. 
In-situ measurements concerned temperature (T), salinity (S), dissolved oxygen (O2) and transparency 
(Tr). Water temperature was measured at approximately 10 cm below the surface with an electronic 
thermometer. Salinity and dissolved oxygen content were measured using, respectively, a 
microprocessor conductimeter (Orion 115Aplus) and an Oxymeter (Orion 810Aplus) calibrated 
beforehand. The vertical mitigation coefficient for the downward irradiance was measured with a 
Secchi disc (Holmes, 1970). 
The laboratory analyses of the surface water samples were performed for the parameters mentioned 
below. The analyses of ammonia (NH4), nitrates (NO3), nitrites (NO2) and phosphorous (PO4) were 
carried out using an Auto-analyser (Treguer and Le Corre, 1975). The total nitrogen (N-NT) and total 
phosphorus (P-PT) were determined after mineralization, respectively, into ammonia and 
orthophosphate (Rodier et al., 1996). The suspended matter (SM) concentration is measured after 
filtration through Whatman membrane filters (pore size: 0.45 μm). The Chlorophyll a (Chl a) and 
Pheopigment (Pheo) contents were determined using the spectrophotometric method of Lorenzen 
(1967) and following the procedure given by Parsons et al. (1984) after 24 h extractions in 90% 
acetone at - 5 °C in the dark. 
 

2.3. Data analysis 

The data collected in different months were firstly interpolated with reference to a common grid 
covering the total lagoon area, by using a bilinear interpolation and distances as weights. A 1783 x 
111 matrix was then constructed using the interpolated data (xb). Each column represents the spatial 
distribution (1783 grid points) of one variable for one campaign, here referred to as parameter (111 
parameters) and each row represents the seasonal evolution of each variable in one mesh grid-point, 
here referred to as station (1783 stations). During some campaigns, a few parameters were missing. 
Two EOF decomposition approaches were applied using different standardizing procedures. In the 
first approach, the space average over the total area of the lagoon was removed from each parameter, 
in order to filter out the seasonal cycle. The data were then normalized by the spatial standard 
deviation. The resulting data matrix representing anomalies is given as follows: 

 

j

jij
ij sb

xbxb
=xs


 

 

where i refers to the ith station and j to the jth parameter; jxb  is the spatial mean of the jth parameter 

and jsb its spatial standard deviation. The correlation matrix jj'Cs  (111 x 111) is then constructed 

from the matrix xs. Eigenvalues kλs  and eigenvectors jkvs of this symmetric matrix are computed. 

The subscript k refers to the kth mode corresponding to the kth eigenvalue and the kth eigenvector. The 
projection of the data matrix xs on the eigenvectors vs gives the loadings ys. 

 

 
j

jkijki vsxs=ys  

 

This first approach is used in order to emphasize the common spatial features for the whole observed 
period. We termed the results from this analysis "permanent modes". 
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In the second approach, the time average of each variable is removed. The data are then normalized 

by the temporal standard deviation. The resulting matrix xt  is given as follows: 
 

i

iij
ij sb

xbxb
=xt


 

with ijxt is an element of this matrix, ixb  is the time average and isb is the temporal standard 

deviation of each variable in the ith station. The correlation matrix jj'Ct  (111 x 111) is then constructed 

from the matrix xt. Eigenvalues kλt  and eigenvectors jkvt  of this symmetric matrix are calculated in 

the same way as in the first approach. 
 

In order to obtain the contribution of each variable p to the variability modes we construct a submatrix 
xp from xt retaining only the elements related to the variable considered. For example, the submatrix 
of temperature is obtained by retaining from the 111 parameters only those relative to temperature (its 
dimension is 1738x10 relative to 10 monthly campaigns). This submatrix xp is then projected on a 

submatrix vp  obtained from matrix vt  by the retention of elements relative to the variable p. The 

resulting loadings matrix yp is given as follows: 
 

 
j

jkijki vpxp=yp  

Therefore, seasonal evolution and spatial weights relative to each variable are extracted from a single 
EOF decomposition common to the whole dataset. This second approach enables us to investigate 
the space-time variability in the lagoon including the seasonal cycle. We termed the results from this 
analysis "variable modes". 
The method followed here presents some similarities with the Extended Empirical Orthogonal 
Functions (EEOF) technique (Weare and Nasstrom, 1982) and the Singular Spectral Analysis (SSA) 
method (Vautard and Gill, 1989) where the matrix is extended with the same variables lagged in time. 
Other methods such as Singular Value Decomposition (SVD) and Canonical Correlation Analysis 
(CCA) (Bretherton et al., 1992; Wallace et al., 1992) permit the obtention of the associated spatial 
patterns for two or more variables. In these methods, each mode has one time series common to all 
variables. In our approach, the eigendecomposition provides a separate time series for each variable, 
but starting from a single, common, EOF on all data set.  
 

3. Results 

 

3.1. Hydrobiological data 

The spatial range (minimum and maximum) of the physico-chemical and biological parameters 
recorded during the sampling period is summarized in Tables 1 and 2. Water temperature and salinity 
vary, respectively, from 11.5 to 29.5 °C and from 32.0 to 36.8. Dissolved oxygen content exhibits an 
obvious seasonal variation from 3.1 mg l-1 in summer to 10 mg l-1 in winter. The concentration of 
suspended matter varies from 7.0 mg l-1 in summer to 38.5 mg l-1 in winter. The water transparency 
ranges between 0.6 and 6.0 m. Clear waters are observed in the lagoon centre in May. 
The ammonia content exhibits a large seasonal variability (0.02 µM in May - 3.4 µM in July). The high 
nitrogen anions content (NO3

 + NO2), measured during the sampling period is about 5.2 µM. The 
maximum phosphorous content is about 0.6 μM in summer. The contents of total nitrogen and total 
phosphorus vary seasonally respectively from 6.5 to 17.5 µM and from 0.5 to 2.8 µM, and that of Chl a 
ranges between 2.1 µg l-1 in March and 9.6 µg l-1 in August. We note that the nutrients and Chl a 
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concentrations recorded during the sampling period are lower than those observed before the 
connection of the urban and industrial waste to the ONAS-network (National Sanitation Utility) 
(MAERH, 2003). 
 

3.2. Permanent features 

The first two modes resulting from the eigendecomposition accounted for 26% and 18% of the total 
variance, respectively. The third mode explained only 13.6%. Therefore, only the results for the two 
leading modes are considered. The loadings of these first two modes are presented in Fig. 3 and 4, 
respectively. The contribution of each parameter to the permanent features modes can be assessed 
by its weight. Table 3 reports these weights. Parameters with a mean weight not significantly different 
from zero (t-test to check the null-hypothesis of the mean with 5% probability error) are marked by the 
minus sign (-). 
The leading mode shows a clear north-south gradient (Fig. 3). The lagoon is divided mainly into two 
sectors. The northern sector extends from the Mediterranean Sea through the inlet towards the centre 
of the lagoon. The southern sector covers the southern coastal zones and the southwestern areas 
close to the Tinja channel mouth, where the highest loadings are observed. This mode clearly reflects 
the opposition between areas under the effect of the Mediterranean Sea and those affected by the 
Ichkeul Lake and the other rivers. 
The variables showing mean weights different from zero are T, S, Tr, and Tr%. Conversely, the 
chemical and biological parameters do not contribute to this standing mode. The variables S and Tr 
have positive weights whereas T and Tr% have negative ones. Therefore, the dark area in figure 3 
(high negative loadings) reflects low salinity and transparency and relatively high temperature. The 
former variables (S and Tr) correspond to freshwaters loaded with suspended matters coming from the 
tributaries (Ichkeul Lake and rivers). The latter one (T) corresponds to shallow regions. On the 
contrary, the centre and the northwest sector of the lagoon show high salinity and transparency and 
cooler waters, reflecting the influence of marine waters. The relative transparency, which is high in the 
south and low in the central and northwestern sectors of the lagoon may be attributed to the effect of 
topography. 
The loadings associated with the second mode highlight an east-west contrast (Fig. 4). They also 
reflect the local effect of the Tinja channel in the western side of the lagoon and the area close to the 
industrial zone of Menzel Bourguiba. The loadings in these two contrasting regions have opposite 
signs, however, those close to the Tinja channel mouth are much higher. The weights (Table 3) show 
that not only Tr, Tr% but also Chl a and Pheo have mean values significantly different from zero. 
Close to the Tinja channel mouth, transparency is weak and Tr% is high. This again reflects the effect 
of water input from the Ichkeul Lake. In this region (Tinja channel mouth) the Pheo content is low 
whereas that of Chl a is much higher. It is suggested that the phytoplankton originating from Ichkeul 
Lake is transported southeastward by the currents. When it reaches the area in front of the industrial 
zone of Menzel Bourguiba, phytoplankton encounters unfavourable conditions (Sakka Hlaili et al., 
2008) and then is transformed into Pheo. This explains the high Pheo content, low Chl a content and 
high transparency. This situation may correspond to the dominant northwestern wind. When the wind 
is southeast, which is frequent in summer, the phytoplankton close to the Tinja channel mouth and 
pheopigment in front of Menzel Bourguiba drift northwards, consistent with the spatial distribution of 
this mode (mean gradient in Fig. 4). 
 

3.3. Variable features 

The first two modes of the eigendecompostion for variable features accounted for 52% and 12% of the 
total variance. Hence, in this case, only the first mode is retained. To assess the contribution of each 
parameter to this mode, the spatial mean of squared weights was considered (Table 4). The variables 
which contributed most to this mode were T, S, and – to a lesser extent – O2, NH4, NO3, PO4, and Chl 
a. The loadings and weight series for these parameters are shown in Fig. 5. 
 

3.4.  Physical parameters 

The loadings and weight series for temperature (Fig. 5A) and salinity (Fig. 5B) are quite similar. Both 
of them show a north-south contrast with high variability in the southern sector and low in the inlet due 
to the influence of the sea. The weight series shows a clear annual cycle reaching its maximum in late 
summer and minimum in late winter. 
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Both weight series of temperature and salinity indicate that the spatial contrast, mentioned in Section 
3.2, is more prominent in summer and winter, and less during the intermediate seasons. In late 
summer the hot and dry conditions increase the water temperature and the salinity in the southern 
lagoon sector, because of evaporation. In late winter cold and wet conditions lead to the opposite 
situation. These variations are attenuated in the northern sector due to the continuous water exchange 
with the Mediterranean Sea through the inlet. The spatial distribution also evidences some differences 
with that of the leading mode of the permanent features (Fig. 3) concerning temperature and salinity. 
In particular, the salinity and temperature loading maps indicate that high values are observed in the 
southeastern sector close to the river mouths. 
 

3.5. Chemical and biological parameters 

The loadings and weight series of the chemical and biological parameters which contribute 
significantly (according to our criterion) to the first leading mode of variable features are presented in 
Fig. 5C to 5G. 
Despite missing data, the oxygen weight series clearly shows a seasonal signal, positive in summer 
and negative in winter (Fig. 5C). This high seasonal variability is related essentially to meteorological 
conditions. The maximum is observed in the northeastern zone of the lagoon, an area known for its 
low oxygen content in summer (negative weights), due to the low dynamism and shellfish activity 
(Brahim, 1994; Dellali, 1996). On the other hand, the southwestern sector is under the influence of 
Tinja channel and of the inlet, which are characterized by a weak seasonal variability of oxygen 
content. 
The Chl a loadings map (Fig. 5D) suggests an important seasonal variability in the costal areas and in 
the inlet. This seasonal variability is linked to the effect of the terrestrial discharge and seawaters. A 
weak Chl a seasonal cycle is found in the lagoon centre stretching towards the harbour of Menzel 
Bourguiba. As mentioned above, the latter region is known as an area of industrial waste which 
probably inhibits phytoplankton growth. The Chl a weight series shows the largest values in spring and 
summer reaching a maximum in late summer at the moment of phytoplankton growth (Harzallah, 
2002). Observations made in the lagoon indicated no clear bloom in the area close to the harbour of 
Menzel Bourguiba. Chl a levels recorded in summer in this area by Sakka Hlaili et al. (2007) were 
significantly lower (1.9-2.9 µg l-1) than those measured in other areas inside the lagoon. 
The ammonia loadings map (Fig. 5E) allows us to distinguish two regions with a large seasonal 
variability, the northeastern sector and the region close to Menzel Bourguiba harbour. The weight 
series indicates a low ammonia content in spring followed by an increase in summer. The lower 
variability, observed in the south sector can be explained by the continuous urban discharge. 
The nitrate loadings map (Fig. 5F) is quite similar to that of ammonia except the high nitrate loadings 
in the inlet. Hence the regions characterized by a high seasonal variability for nitrate content are the 
same as those for ammonia. However, to a large extent, the nitrate time series is opposite to that of 
ammonia. In summer, low nitrate content coincides with a high ammonia content whereas in winter the 
situation is reversed. The low oxygen content in summer could explain this opposite variation. 
The phosphorous loadings map (Fig. 5G) shows positive loadings in the southern sector and slightly 
negative loadings in the northern sector. Hence, to some extent this mode represents a north-south 
oscillation. The weight series shows an annual cycle with a maximum contribution in summer and 
minimum one in winter. The phosphorous content in the southern sector increases in summer and 
decreases in winter whereas it exhibits the opposite variations but moderately in the north. The low 
seasonal variability in the northern lagoon is attributed to the Mediterranean Sea effects. The rapid 
decrease of the phosphorous content in early autumn could be related to the phytoplankton bloom 
during this period. 
 

4. Discussions 

 
In this study, we analysed the space and time variability of major biogeochemical properties in the 
Bizerte lagoon, by using a numerical procedure based on the EOF decomposition technique and 
experimental observations. The purpose of the analysis was to decouple space and time variability of 
the dataset in a number of spatial maps (loadings) and associated monthly weight series. In this way it 
was possible to elucidate major spatial features and temporal variations of the ecosystem. 
Considering simultaneously the co-evolution of different parameters it was possible to disentangle and 
rank the contribution of each one to the total variability of the system. The projection of the resulting 
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subeigenvector on the parameter subset gives its proper loadings. This enables us to speculate on 
possible sources of variability for different parameters and on the basic functioning of the ecosystem.  
A standard monovariate EOF analysis, applied separately to each parameter (not shown), reveals 
different results compared to the approach applied in this paper, for example in the Chl a structure. 
The application of the method revealed two permanent features reflecting the typical functioning of the 
lagoon. The first one reflects a north-south contrast. The factors causing this contrast are related 
essentially to the influence of the catchment area and the marine waters. Indeed, the southern sector 
is under the influence of the rivers’ input that drain the southern catchment area. It is also under the 
influence of freshwater input of the Tinja channel, which drifts southeastward according to the 
hydrodynamic circulation (Frisoni et al., 1986). In contrast, the northern sector – which does not have 
significant rivers – is largely influenced by sea waters. These differences maintain the north-south 
contrast. The studies carried out by Sakka Hlaili et al. (2007, 2008), which distinguish two different 
trophic chains in the northern and southern sectors of the Bizerte lagoon, corroborate the subdivision 
of the lagoon into two sectors. 
The second mode of the permanent features indicates a contrast between the lagoon coastal zones, 
especially the area close to the Tinja channel mouth and the central part of the lagoon extending 
towards the Menzel Bourguiba area (southwest of the lagoon). It is hypothesized that this pattern 
represents the contrast between the shallow waters characterized by high turbidity and Chl a content 
and the deep waters where pheopigment is predominant. The extension towards the Menzel 
Bourguiba area results from a combination of water circulation and environmental conditions. Indeed, 
the phytoplankton coming from the Ichkeul Lake drifts southeastward with the currents. It encounters 
unfavourable conditions in front of the Menzel Bourguiba harbour where it could be transformed into 
pheopigment. The circulation scheme provided by Frisoni et al. (1986) showing a dominant counter 
clockwise circulation – mainly forced by wind with negligible effect of tide (Mansouri, 1996) – and the 
study of Sakka Hlaili et al. (2008) support the hypothesis. 
Northward circulation conditions that prevail under southerly wind, which is frequent in summer, may 
also contribute to this second mode. In this case phytoplankton and pheopigment are drift northward 
consistent with the mean gradient shown in Fig. 4. Additional current measurements and numerical 
modelling are needed to further confirm it. 
For the variable features one major mode was obtained. The loadings of this mode have some 
similarities with those of the permanent features. Indeed this mode corresponds to amplification or 
attenuation of the permanent features according to season. The north-south contrast of temperature 
and salinity is more noticeable in summer than in winter. This contrast also involves phosphorous with 
enhancement in summer. The rise in phosphorous content in summer is likely linked to an increase in 
phosphorous release from the sediment porewaters, caused by water warming. We have also found a 
summer enhancement of the second mode of permanent features of Chl a. 
Besides these annual cycles, some particular features have been depicted for a few parameters. We 
note in particular, a large seasonal variability of NH4 and NO3 contents close to the Menzel Bourguiba 
harbour and O2 content in the northeastern sector. The latter sector is characterized by shallow water, 
which is sensitive to seasonal variations and eutrophication; whereas the area of Menzel Bourguiba is 
affected by the metallurgical wastes of the El Fouledh factory. 
The current approach applied to the Bizerte lagoon allows us to obtain a precise view of its 
hydrobiological pattern, retaining only the parameters which significantly contribute to it. In addition, 
concerning the variable features, each variable has its own time series. In the regular EOF analysis, 
one time series is obtained for all variables. 
On the basis of this study, we can conclude that the biogeochemical functioning of the lagoon is 
essentially controlled by three entities, the Mediterranean Sea, the Ichkeul Lake and the catchment 
area, particularly the Menzel Bourguiba industrial zone. Any human intervention on the level of these 
latter entities (construction of dams, break-waves and industrial waste) may modify the distribution of 
biogeochemical properties of this ecosystem and consequently modify the biotope. We have also 
found that the north-south and east-west contrasts are mostly prominent for temperature, salinity, 
transparency, Chl a and pheopigment. These variables therefore are of particular importance for 
hydrobiological study in this area. It is likely that these two contrasts were more noticeable before the 
construction of dams on the principal rivers pouring into the Ichkeul Lake and the Bizerte lagoon. 
In future research work it would be important to take into account the dynamical aspects such as the 
water circulation. 
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Tables 

 
Table 1 
Monthly ranges (min and max) of physico-chemical parameters. (−) Missing measurement 
 

Month 
T 

(°C) 
S 

O2 
(mg l-1) 

SM 
(mg l-1) 

Tr 
(m) 

Jan 11.5 - 11.9 32.0 – 36.0 6.3 - 10.0 17.6 - 38.5 0.9 - 4.2 

Feb 13.5 - 14.5 32.0 – 36.0 − − 0.8 - 2.8 

Mar 15.5 - 16.5 33.1 - 35.9 − 22.3 - 35.7 1.3 - 4.6 

Apr 18.3 - 19.1 33.6 - 36.1 5.7 - 6.2 11.3 - 20.9 1.5 - 3.6 

May 21.8 - 23.6 33.9 - 36.2 5.5 - 9.2 7.0 - 27.8 1.2 - 6.0 

Jun − − − − − 

Jul 26.5 - 27.7 34.3 - 36.8 3.1 - 4.6 8.9 - 19.3 0.6 - 4.0 

Aug 28 - 29.5 34.5 - 36.6 4.2 - 7.3 7.5 - 37.6 1.2 - 4.0 

Sep 26.3 - 28.4 34.7 - 36.5 − 7.2 - 14.0 1.2 - 3.9 

Oct − − − − − 

Nov 16.7 - 17.4 33.0 - 36.5 − 17.9 - 29.0 1.4 - 2.7 

Dec 14.3 - 15.3 33.1 - 36.5 − 17.5 - 28.7 1.3 - 2.5 
 

 

Table 2 
Monthly ranges (min and max) of chemical (NH4, NO2, NO3, PO4, NT and PT) and biological 
parameters (Chl a and Pheo). (−) Missing measurement. 
 

Month 
N-NH4 
(µM) 

N-NO2 
(µM) 

N-NO3 
(µM) 

P-PO4 
(µM) 

N-NT 
(µM) 

P-PT 
(µM) 

Chl a 
(µg l-1) 

Pheo 
(µg l-1) 

Jan − 0.4 - 0.5 0.5 - 2.8 0.1 - 0.3 − 1.7 -2.0 − 0.5 - 2.9

Feb 0.5 - 1.8 − 1.6 - 3.8 < 0.4 − 1.7 - 2.0 3.4 - 4.5 − 

Mar 0.2 - 2.3 − − 0.1 - 0.4 − − 2.1 - 5.3 0.9 - 4.7

Apr 0.5 - 1.6 0.3 - 0.7 − − 
12.4 - 
17.4 

1.6 - 2.0 4.7 - 6.2 0.5 - 4.1

May < 2.1 0.1 - 0.9 0.2 - 4.3 < 0.7 9.0 - 16.7 0.7 -1.6 4.0 - 6.0 < 4.9 

Jun − − − − − − − − 

Jul 1.4 - 3.4 0.1 - 0.7 0.6 - 2.2 0.1 - 0.6 10.2- 14.6 1.1 - 1.4 2.4 - 7.2 − 

Aug − 0.1 - 1.0 0.4 - 1.2 0.2 - 0.6
12.6 - 
15.3 

1.2 -1.9 3.1 - 9.6 0.9 - 2.8

Sep 0.8 - 3.2 < 0.5 0.1- 2.6 < 0.3 6.5 - 17.5 1.1 - 2.3 4.3 - 6.9 0.1 - 5.4

Oct − − − − − − − − 

Nov − < 0.9 − < 0.2 8.2 - 13.9 1.4 - 2.5 2.4 - 5.6 − 

Dec − − 1.2 - 2.9 − − 0.5 - 2.8 − − 
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Table 3 
Weights of parameters involved in modes 1 and 2 of the permanent features. (−) Not significant 
weight. 
 

Mean Weight Parameters 

Mode 1 Mode 2 

T -1.20 0.20 (−) 
S 1.60 0.30 (−) 

Tr 0.70 0.70 

MES -0.09 (−) -0.40 (−) 

Tr% -1.00 -0.50 

O2 0.09 (−) 0.06 (−) 

NO2 0.10 (−) 0.20 (−) 

NO3 -0.10 (−) -0.30 (− 

NH4 0.08 (−) -0.20 (−) 

NT -0.26 (−) 0.40 (−) 

PO4 -0.14 (−) -0.02 (−) 

PT 0.04 (−) 0.04 (−) 

Chla 0.30 (−) -0.80 

Pheo -0.30 (−) 0.80 

 

Table 4 
Spatial variance of parameters involved in mode 1 of variable features. (−) Not significant contribution. 
 

Parameters Variance 

T 0.99 
S 0.90 

Tr (−) 0.50 

MES (−) 0.03 

Tr% (−) 0.20 

O2 0.90 

NO2 (−) 0.30 

NH4 (−) 0.70 

NO3 0.50 

NT (−) 0.50 

PO4 0.60 

PT (−) 0.40 

Chla 0.60 

Pheo (−) 0.10 
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Figures 
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Fig. 1. Geographical location and catchment area of the Bizerte Lagoon. The figure also shows the 
hydrographic network and the connection of the lagoon with the Ichkeul Lake and the Mediterranean 
Sea. 
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Fig. 2. Bathymetry of the Bizerte lagoon (contour interval 2 m) and sampling stations (+). The locations 
of the main cities are also shown. 
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Fig. 3. First mode loadings of the permanent features EOF decomposition. Loadings are normalized. 
 

 

 

 

 

 

 

 

 

 

 

Fig. 4. As Fig. 3 but for the second mode 
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Fig. 5. Loadings (left panel) and weight series (right panel) of the first mode of the variable features 
EOF decomposition. Loadings and weight series are normalized. Continuous line joins successive 
observations. Dashed line indicates missing measurements. 
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