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Abstract This study investigated the major envi-

ronmental factors structuring, for a year, phytoplank-

ton assemblages in the Sfax saltern (Tunisia): salinity

and nutrients. A STATICO analysis based on 11

environmental variables and the abundances of 64

phytoplanktonic species was conducted. STATICO is

used to analyze the stable part of the relationships

between the environment and species, and then to

determine how these relationships change over time.

The analysis confirmed that the salinity gradient had a

considerable influence on the composition of the

phytoplanktonic communities. Bacillariophyceae and

Dinophyceae dominated in the least salty ponds,

whereas Chlorophyceae and Cyanophyceae domi-

nated in the saltiest ponds, in accordance with the

halotolerance level estimated for each species by

calculating the optimum salinity and salt tolerance.

Nitrogen (N) and phosphorus (P) ions could have a

secondary influence on the phytoplankton distribution

and its dynamics. Dinophyceae seem to be favored by

high ammonium (NH4
?) concentrations, whereas

diatoms seem to be favored by high orthophosphates

(PO4
3-) and nitrates (NO3

-) values. The Chlorophy-

ceae Dunalliela salina thrived in the saltiest ponds

when the NO3
- concentrations increased.

Keywords Ecological preference � Phytoplankton �
Solar saltern � STATICO analysis

Introduction

Phytoplankton plays a critical role in aquatic ecosys-

tems (Koffi et al. 2009) since it contributes to carbon

fixation from the atmosphere and produces the organic

matter needed for the food chains to function (Dufour

and Durand 1982; Richardson et al. 1998). Phyto-

plankton is composed of dynamic multi-species

assemblages characterized by high diversity and rapid

successive shifts in species composition in response to

environmental changes (Mendes et al. 2009). Identi-

fying the factors and main processes governing the

seasonal succession of species in the phytoplankton

and the structure of communities is central problems in

ecology (Anneville et al. 2004). The development of

algal populations is regulated not only by physical and

chemical factors (Richardson and Pedersen 1998), but

also by biological factors such as predation (Elloumi
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et al. 2009; Maar et al. 2002) and competition between

species (Mallin and Paerl 1994; Pinckney et al. 1998).

However, the availability of nutrients remains the

main factor controlling the composition and biomass

of the phytoplankton community in shallow water and

marshes (Ortega-Mayagoitia et al. 2003; Lopez-Flores

et al. 2006). These abiotic parameters vary over time

and affect the composition and abundance of the algal

flora both directly and indirectly (Koffi et al. 2009).

Salt marshes are paralic ecosystems with specific

characteristics. Salt ecosystems are home to a multi-

tude of permanent-resident or migrant birds (Ramı́rez

et al. 2011) and provide ideal nesting places since they

are favorable to the development of microorganisms

and invertebrates (Britton and Johnson 1987; Trigui

et al. 2011). Indeed, evaporation is an important factor

in salty coastal ecosystems, where it concentrates the

nutritional elements (Wen and Zhi-Hui 1999; Do-

lapsakis et al. 2005; Oren 2009) that promote the

proliferation of robust phytoplankton (Dolapsakis

et al. 2005), and hence that of zooplankton (Vos and

De la Rosa 1980). However, excessive benthic

production leads to reduced salt quality (Davis and

Giordano 1996).

Salt marshes are generally accessible and consist of

successive ponds with differing and fairly stable

ecological characteristics (Ventosa and Arahal 2009;

Khemakhem et al. 2010; Madkour and Gaballah 2012).

They are therefore suitable for studying the diversity of

communities and how they are influenced by their

environment (Oren 2009). Despite differences due to

climatic changes, water fluctuations (Lopez-Flores

et al. 2006), geographical location, human manage-

ment practices, and the availability of nutrients, saltern

systems all share one common feature: They all have a

salinity gradient along which communities inhabiting

salt marshes are structured (Britton and Johnson 1987;

Ayadi et al. 2004; Abid et al. 2008; Madkour and

Gaballah 2012; Asencio 2013). However, some other

parameters may also influence species distribution in

salterns, such as the concentrations of phosphorus and

nitrates (Joint et al. 2002; Dolapsakis et al. 2005) and

the distance of each pond to the sea intake (Abid et al.

2008; Madkour and Gaballah 2012). Nutrient concen-

trations usually increase with salinity, and this can be

due either to greater evaporation and/or to bacterial

activity (Britton and Johnson 1987; Elloumi et al.

2007, 2009; Oren 2009).

Many phytoplankton species have specific opti-

mum and tolerance levels for some environmental

parameters, such as the pH, salinity, temperature, and

the availability of nutrients and light (Lim et al. 2001;

Resende et al. 2005). With regard to salinity, halo-

philes sensu largo are organisms that are able to live in

hypersaline environments, such as natural and artifi-

cial salterns. Species living in salty water can be either

halophilic stricto sensu, requiring a given NaCl

concentration, or simply halotolerant (Larsen 1986;

Chatchawan et al. 2011); they can be loosely classified

as slightly, moderately, or extremely halophilic/halo-

tolerant, depending on their requirement/tolerance for

NaCl (Larsen 1986; DasSarma and Arora 2001).

Multivariate analyses are the preferred tools used to

identify the links between environmental and biolog-

ical parameters, and to understand the structure of

ecological communities (Marques et al. 2011). In

particular, correspondence analysis (Sylvestre et al.

2001), cluster analysis (Dolapsakis et al. 2005),

canonical correspondence analysis (Lopez-Flores

et al. 2006), and principal component analysis (PCA,

Anneville et al. 2004; Grover and Chrzanowski 2006)

are often used in ecological studies. In the Sfax saltern,

the phytoplankton has been extensively studied using

PCA (Ayadi et al. 2002; Elloumi et al. 2009; Kobbi-

Rebai et al. 2013). However, since physical and

biological processes are frequently intercorrelated and

generally show complex patterns of variation, more

structured analyses could be useful to understand the

interactions. Few tools take into account the temporal

variation of environmental parameters and biological

assemblages, or the effect of the former on the latter

(Carassou and Ponton 2007). The STATICO method

(Thioulouse et al. 2004) is particularly suitable for

studying the relationship between species abundance

and environmental parameters when both vary over

time. This method has previously been used by

Mendes et al. (2009) to study the spatiotemporal

structure of diatom assemblages in a temperate estuary

(Ria de Aveiro, Western Portugal).

Most ecological studies carried in salterns have

been conducted over periods of 1 year (e.g., Sylvestre

et al. 2001; Lopez-Flores et al. 2006; Elloumi et al.

2009; Asencio 2013). An interannual study elaborated

by Khemakhem et al. (2010) focused on phytoplank-

ton succession in the salt marshes of Sfax. They found

only minor differences between the different years
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studied (from 2000 to 2003), because of the interan-

nual stability of the environmental conditions.

The present study set out firstly to characterize the

phytoplankton community structure along the Sfax

saltern in relation to environmental variables from

June 2010 to May 2011, and to analyze its dynamics

using the STATICO method. The second aim was to

determine the ecological preferences of phytoplankton

taxa by estimating their optimum and tolerance for the

most influential variable in the solar ponds of Sfax.

Materials and methods

Study area and sampling site

The Thyna saltworks (Fig. 1; Sfax, Tunisia), also

known as the Sfax saltern, are located in the Gulf of

Gabes (central eastern coast of Tunisia, 34�39000.100N–

420035E, Fig. 1) and cover 1,500 ha along a 13-km

stretch of the Mediterranean coast (Kobbi-Rebai et al.

2013). They are classified as a RAMSAR (the

Convention on Wetlands of International Importance,

especially as Waterfowl Habitat) site and important

bird area (IBA), since they are one of the most

important crossroads for migratory birds that come

from Europe and Sub-Saharan Africa and are breeding

sites for several species of waterfowl (Ramı́rez et al.

2011). They consist of a series of interconnecting

shallow ponds (20–70 cm deep) of increasing salinity,

ranging from that of seawater to saturation (Khemak-

hem et al. 2010). The saltern is separated from the sea

by an artificial red silt seawall (height: 4 m). The input

of seawater and the circulation between the various

ponds are controlled in order to ensure an annual yield

of about 300,000 tons of halite and 25,000 tons of brine

(Abid et al. 2008), but still depend on the meteorolog-

ical conditions.

Seven ponds were chosen as sampling sites in the

Thyna saltworks. They were located along the salinity

Sfax

Thyna saltworks

Ponds

Water  circulation

Thyna

200 km

Fig. 1 Map of the Thyna saltworks of Sfax (Tunisia) indicating the ponds sampled (designated A5, A16, C21, C41, M2, B1, and TS)

and the direction of the water flow in the saltern
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gradient and designated A5, A16, C21, C41, M2, B1,

and TS (Fig. 1). Sampling was performed fortnightly,

over a period of 10 months extending over a period of

1 year (from June 2010 to May 2011, excluding

January and February).

Environmental data

At each sampling, the water temperature was mea-

sured in situ, using a mercury glass thermometer with

0.1 �C graduations. Water samples for chemical

analyses were collected and immediately stored under

cool (4 �C), dark conditions, until further processing

was possible. In the laboratory, these water samples

were filtered through GF/C filters (0.47-lm pore). The

filtrates were used to determine nutrient contents

(NO2
-, NO3

-, NH4
? and PO4

3-, total nitrogen and

total phosphorus). They were analyzed using a BRAN

and LUEBBE type 3 autoanalyzer, and concentrations

were determined colorimetrically using a UV–visible

spectrophotometer. The pH was measured using a

Metrohm� type pH meter. The dissolved oxygen

content was calculated according to the equation of

Sherwood et al. (1992). Brine salinity was assessed

using a ZUZI-type refractometer.

Biological data

Water samples (200 mL) were fixed with Lugol’s

iodine solution, and the phytoplankton organisms

were counted under an inverted microscope (4009)

using the Utermöhl (1958) method. Phytoplankton

species identification was based on morphological

criteria after consulting the standard floras of Sournia

(1986), Ricard (1987), and Chrétiennot-Dinet (1990).

Phytoplankton diversity (H0) was estimated using the

Shannon–Weaver’s index (Shannon and Weaver

1949).

Statistical analysis

Kruskal–Wallis tests were used to identify the signif-

icant differences between the ponds sampled with

regard to physico-chemical variables. These tests were

chosen because of non-normal distribution of the data.

The significance level was set at 0.05. Correlations

between variables were calculated when necessary

using Spearman’s rank correlation coefficient. Salinity

optima (ûk) and tolerance (tk) values were estimated

for each species, after sampling at least five times,

according to Resende et al. (2005):

ûk ¼
Xn

i¼1

yikxi=
Xn

i¼1

yik

tk ¼
Xn

i¼1

yik xi� ûkð Þ2=
Xn

i¼1

yik

 !1=2

where ûk is the optimum value, tk is the tolerance of the

taxon k for the parameter in cause, yik is the abundance

of the taxon k in the sample i, and xi is the value of the

parameter in the sample i.

The STATICO analysis was used to explain the

dynamics of the relationships between the species and

their environment (Thioulouse et al. 2004). To do this,

our data were processed using pairs of ecological

tables: one table for the environmental variables, and

the other for the species abundances for each sampling

date. The 11 environmental variables and the abun-

dances of 64 species were reported in columns in their

respective tables. The sites sampled were indicated in

rows and were the same in all the tables. A log(x ? 1)

transformation was applied to the species abundances

prior to carrying out the calculations (Legendre and

Legendre 1979) in order to minimize the effect of

unusual catches.

STATICO performs a partial triadic analysis of a

series of cross-tables resulting from the co-inertia

analysis of each pair of tables (Thioulouse et al. 2004;

Thioulouse 2011). It proceeds in three stages: (1)

analyzing each table by a one-table method (normed

PCA for the environmental variables, and centered

PCA for the species data); (2) analyzing each pair of

tables by a co-inertia analysis (Dolédec and Chessel

1994), which provides an image of the co-structure

(species variables) at each sampling date; and (3)

performing a partial triadic analysis (Thioulouse and

Chessel 1987) on the resulting tables to get an average

image of the co-structure. The third step reveals the

part of the structure between the environment and

species abundance tables that remains stable through-

out the sampling period (known as the compromise).

STATICO can also be used to plot the projection of the

sites sampled at each sampling date onto the compro-

mise axes, in terms of environmental variables and

species abundance structures. This makes it possible to

discuss the temporal variation of the species-environ-

ment structure (trajectories).

4 Aquat Ecol (2015) 49:1–19

123



Analyses were performed using R (version 3.1.0, R

Core Team 2014). The STATICO algorithm is imple-

mented in the ade4 library of R.

Results

Environmental parameters

The range of the environmental variables in each pond

and the Kruskal–Wallis tests are presented in Table 1.

A clear longitudinal salinity gradient was observed

along the saltern, following the direction of the water

flow. Increasing salinity was found from the first

studied pond (A5) to the last one (TS), rising from

42 ± 2.5 in A5 to 346.30 ± 41.4 in TS. Dissolved

oxygen decreased with salinity (q = -0.94,

p = 3.10-68), falling from 6.55 ± 0.07 mg L-1 in

the least salty pond to 2.03 ± 0.07 mg L-1 in the

saltiest pond. Mean water temperature showed no

significant variation between the ponds, fluctuating

between 25 ± 6.45 and 27 ± 6.63 �C. The lowest

temperature (15 �C) was recorded in March 2011 in

C21, and the highest temperature (39 �C) was

recorded in August 2010 in M2. In general, the pH

decreased with salinity (q = -0.40, p = 8.10-7),

ranging from 8.23 ± 0.45 in A16 to 7.36 ± 0.42 in

TS.

With regard to nutrients, ammonium (NH4
?) and

total nitrogen (T-N) showed no significant variation

among the ponds. Nitrites (NO2
-), nitrates (NO3

-),

orthophosphates (PO4
3-), total phosphorus (T-P), and

silicates (SiO3
2-) tended to increase with salinity

(q = 0.33, 0.23, 0.21, 0.21, 0.20, p = 5.10-5, 5.10-3,

0.01, 0.01, 0.01, respectively).

Phytoplankton assemblage

The overall diversity of phytoplankton taxa was

clearly linked to salinity (Table 1). H0 values were

significantly different among the ponds and fell from

A5 (H0 = 2.11) to TS (H0 = 0.38), indicating that the

phytoplankton communities were far more diverse in

the least salty ponds than in the saturation pond.

Phytoplankton was examined at the level of the

genus or species. A total of 64 phytoplankton taxa

were identified during this study. They belonged to

five classes: Bacillariophyceae, Dinophyceae,

Chlorophyceae, Cyanophyceae, and Euglenophyceae.

Marked differences in phytoplankton composition

were found among the ponds (Fig. 2); the relative

abundance of each species compared to the total

phytoplankton is presented in Table 2. Bacillariophy-

ceae and Dinophyceae were the most diverse groups.

Bacillariophyceae or diatoms represented 91.7, 77.5,

and 61 % of the total phytoplankton in the A5, C21,

and C41 ponds, respectively, in which salinity ranged

from 42 to 96. The three most abundant species of

Bacillariophyceae were Cylindrotheca closterium,

Nitzschia spp., and Navicula spp (Table 2). Dinophy-

ceae were numerous in the second and third ponds

(A16 and C21), which had salinity values of 61 and 88,

respectively, where they contributed for 37.12 and

30.84 %, respectively, to the total abundance of the

phytoplankton. This class was virtually absent in salty

ponds (0.39 and 0.01 % in the M2 and B1 ponds,

respectively). The most abundant species in this class

throughout the sampling period were Gymnodinium

spp. and Peridinium spp. Chlorophyceae were found

in all ponds. Their contribution did not exceed 13.1 %

in the four first ponds (A5 to C41), whereas this class

markedly dominated the phytoplanktonic community

in the three last ponds (M2, B1, and TS), accounting

for 73.83, 68.39, and 92.85 % of the total phytoplank-

ton, respectively. The Cyanophyceae were represented

by four species: Aphanothece sp., Oscillatoria spp.,

Phormidium versicolor, and Spirulina subsalsa. They

were rare in the four first ponds (0.01, 0.04, 3.59, and

0.25 %, respectively) and relatively abundant in the

M2 (13.66 %), B1 (31.31 %), and TS ponds (7.02 %).

S. subsalsa is the least salt tolerant Cyanophyceae in

our samples. It was detected in the A5, A16, C41, and

M2 ponds, and flourished in the C21 pond, but was

unable to proliferate in the ponds with high salinity

(B1, TS). Euglenophyceae were poorly represented by

Euglena sp. in the A5 pond and rarely found in saltier

ponds. Globally, we can see a decrease in the number

of taxa as the salinity increased (Table 2).

In summary, species composition differed signifi-

cantly from one pond to another. The presence of a

particular species in one pond and its absence from

another depended mainly on its salt tolerance. The

calculation proposed by Resende et al. (2005) makes it

possible to determine the optimum salinity for the

growth of each species. Tolerance is a complementary

parameter that indicates the range of salinity values in

which the species is found (Table 2). A few species
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Table 1 Ranges of environmental parameters and diversity index H0 during the period studied in the seven ponds sampled

Pond A5 A16 C21 C41 M2 B1 TS KW, 6 df

Physico-chemical parameters

Salinity (S)

Mean 42.10 61.45 88.65 95.53 191.35 224.25 346.3 K = 134.2

SD 2.47 8.75 5.47 9.31 11.36 10.64 41.45

Minimum 38 44 74 76 164 210 284 P = 1.7 9 10-26

Maximum 46 78 97 106 210 250 420

Dissolved oxygen (D-O2) (mg L-1)

Mean 6.55 6.05 5.26 5.15 3.36 2.99 2.03 K = 122.07

SD 0.67 0.74 0.46 0.61 0.30 0.20 0.25

Minimum 5.48 5.16 4.71 4.35 2.95 2.60 1.66 P = 5.96 9 10-24

Maximum 7.59 7.46 6.17 6.32 3.80 3.31 2.49

Temperature (T) (�C)

Mean 26.2 25.38 25.63 25.35 26.8 25.33 27.25 K = 1.80

SD 6.46 6.36 5.82 6.44 6.65 6.45 6.63

Minimum 17 16.5 15 16 18 16 18 P = 9.37 9 10-1

Maximum 38 36 34 36 39 36 38

pH

Mean 8.13 8.23 8.13 8.09 8.06 7.86 7.36 K = 35.08

SD 0.50 0.45 0.36 0.40 0.54 0.78 0.42

Minimum 7.02 7.05 7.05 6.88 6.34 5.53 6.23 P = 4.15 9 10-6

Maximum 8.92 8.90 8.57 8.53 8.53 8.49 7.95

Nutrient elements (lmol L-1)

Nitrites (NO2
–)

Mean 0.54 0.40 0.55 0.52 0.69 0.90 1.24 K = 23.34

SD 0.50 0.36 0.68 0.42 0.57 0.48 1.27

Minimum 0.13 0.13 0.16 0.19 0.18 0.12 0.19 P = 6.89 9 10-26

Maximum 2.37 1.45 3.05 1.94 2.23 1.9 4.91

Nitrate (NO3
-)

Mean 4.12 4.36 4.56 5.77 4.98 6.37 7.18 K = 13.67

SD 2.70 3.62 3.86 7.16 4.08 2.88 5.82

Minimum 1.09 1.41 1.21 1.23 1.57 2.01 1.89 P = 3.35 9 10-2

Maximum 10.42 15.14 14.04 33.78 15.01 15.98 23.36

Ammonium (NH4
?)

Mean 2.19 2 1.96 2.90 2.42 2.49 2.39 K = 4.01

SD 1.15 1.08 0.99 1.94 1.85 1.62 1.29

Minimum 0.21 0.16 0.31 0.51 0.47 0.63 0.55 P = 6.75 9 10-1

Maximum 5.17 3.99 3.64 9.22 8.12 5.93 5.26

Orthophosphate (PO4
3-)
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may be classified as marine (Grammatophora sp.,

Euglena sp.); they have a low salinity optimum

(44–45) and a low tolerance (4.8–6.2). They are found

only in the least salty ponds. On the contrary, some

species may be classified as extremely halotolerant

such as the Cyanophyceae Oscillatoria spp., Aphan-

otece sp., and P. versicolor, and the Chlorophyceae D.

salina. These taxa have a high salinity optimum

(216–245) and a medium to high salinity tolerance

(44–106). They are found in all the ponds, mostly in

the most salty ones. All those species form a contin-

uum between the extreme salinity values. The species

with a high salinity optimum usually have a quite high

tolerance; all the species found in the most salty ponds

are also found in the other ponds.

Statico

Interstructure

The first two axes of the interstructure graph repre-

sented, respectively, 24 and 7 % of the total variability

(Fig. 3a). The first axis is largely predominant, and all

the dates are on the same side of this axis (Fig. 3b).

This indicates that the intertable correlations are all

positive and that there are no strong discrepancies

Table 1 continued

Pond A5 A16 C21 C41 M2 B1 TS KW, 6 df

Mean 3.24 1.01 0.85 2.18 2.88 3.94 2.64 K = 14.66

SD 4.54 1.21 0.97 2.50 3.68 4.51 2.49

Minimum 0.26 0.14 0.16 0.15 0.12 0.19 0.2 P = 2.30 9 10-2

Maximum 16 4.52 3.67 8.04 12.26 17 8.31

Total Nitrogen (T-N)

Mean 21.85 22.06 22.80 23.74 21.75 21.46 25.09 K = 7.20

SD 3.23 4.81 5.38 7.58 5.15 3.63 10.64

Minimum 16.84 17.17 16.33 18.54 18.79 18.20 18.89 P = 3.02 9 10-1

Maximum 30.87 40.99 41.25 53.47 39.84 33.78 66.52

Total Phosphorus (T-P)

Mean 9.32 5.72 5.27 8.18 10.87 12.72 10.52 P = 11.67

SD 9.20 4.15 3.28 7.45 10.80 11.24 7.08

Minimum 2.54 1.65 1.95 1.67 1.87 1.87 1.55 K = 6.97 9 10-1

Maximum 37.87 16.81 14.67 26.98 39.51 40.75 26.87

Silicates (SiO3
2-)

Mean 34.74 22.10 26.59 26.87 39.93 37.68 50.55 P = 24.29

SD 38.74 13.14 46.86 46.07 44.13 52.84 47.75

Minimum 4.20 5.80 3.77 5.22 8.7 5.53 12 K = 4.61 10-4

Maximum 187.19 61.04 222.46 219.06 187.71 253.21 218.54

Diversity index (bits cell-1)

H0

Mean 2.11 1.79 2.04 1.29 1.43 0.70 0.38 K = 60.20

SD 0.87 0.83 0.87 0.97 0.51 0.50 0.47

Minimum 0.01 0.29 0.23 0 0.39 0.01 0 P = 4.09 10-11

Maximum 3.14 3.17 3.48 3.44 2.16 1.54 1.68

Significant variations among ponds were tested using Kruskal–Wallis tests

KW Kruskal–Wallis test, df degrees of freedom, SD Standard deviation
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among the samplings. Therefore, a common structure

can be highlighted (see ‘‘Compromise factor map’’).

Arrow lengths in the interstructure graph indicate that

the samplings performed on November 9 and December

6 had the greatest structure, followed by those of July 13,

March 10, October 5, and August 24 (Fig. 3b). This

means that the relationships among environmental

variables and species composition of the phytoplankton

communities are the strongest at those dates.

Analysis of the weights and cos2 (Fig. 3c) informs

about the contribution of each table to the compromise

(weight) and shows how much the compromise reflects

the information of the table (cos2). We can see a linear

relationship between them, i.e., the compromise is

particularly representative of the most contributive

tables which are the most structured ones (November 9,

December 6, July 13, March 10, and October 5). The

samplings performed on June 29, May 10, August 10,

April 12, and July 27 have the lowest weights and are

the least well represented by the analysis. Globally, the

samplings of the spring and the summer are less

contributive and are less well represented by the

compromise than those of the autumn and the winter.

Compromise factor map

The first axis is clearly dominant, explaining 88.1 % of the

variance, whereas the second axis explains only 3.2 % of

the variance (Fig. 4). Considering the environmental

variables (Fig. 4a), the first axis describes a gradient of

salinity opposed to a gradient of dissolved oxygen. These

two variables were clearly the most influent on the stable

part of the species distribution. The pH is on the low-

salinity side (right side) of the factor map, and high

temperature is on the high-salinity side. The nutrient

elements and silicates are relatively abundant on the high-

salinity side. The second axis mainly shows an N/P

gradient, with nitrogen ions (particularly NH4
?) at the

bottom and phosphate ions at the top of the factor map.

Most of the species found (Fig. 4b), mainly diatoms

and Dinophyceae, which have a low or medium

optimum salinity, are located on the low-salinity side.

Only Cyanobacteria and green algae, which have a

high optimum salinity and/or a high salinity tolerance

value, are located on the high-salinity side (Table 2).

Concerning the second axis, the mean coordinate of

the diatom species is positive whereas that of the

Dinophyceae is negative. Hence, diatoms and Dino-

phyceae seem to be, respectively, associated with

rather high PO4
3- and NH4

? values.

The average position of each pond projected on the

factor map is heavily influenced by salinity. The ponds

(A5–A16), C21, C41, M2 (B1–TS) are ordered from

right to left along the first axis, which corresponds to

their succession in the water flow and hence to their

salinity levels. This ordination of the ponds relative to

the first axis was globally the same for species and for

environmental variables, indicating that the composi-

tion of the phytoplanktonic communities depends above

all on the salinity levels in the different ponds. Relative

to the second axis, the ponds A5 and B1, which had very

high PO4
3- values (Table 1), have positive coordinates

for the environmental variables. A16, C21, C41, and TS,

which had lower PO4
3- values, have negative coordi-

nates. The central position of M2 indicates that this pond

is badly represented by the compromise. Concerning the

species, the first pond (A5), containing nearly exclu-

sively diatoms, has a positive coordinate, whereas the

next ponds (A16, C21, and C41), containing propor-

tionately fewer diatoms and more numerous Dinophy-

ceae, have negative coordinates. The last ponds (M2,

B1, and TS), containing very few diatoms and Dino-

phyceae, have nearly null coordinates.

Trajectories

In addition to this overall pattern, the relationships

between environment and species vary over time. The

projections of the environmental variables (Fig. 5a)
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100%
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Fig. 2 Contribution of the phytoplanktonic groups to the total

phytoplanktonic density in the seven ponds of increasing

salinity. (Euglenophyceae corresponded to less than 0.2 %)
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and of the species (Fig. 5b) on the comprise factor map

at the most influent dates make it possible to visualize

these variations. The most influent variables, salinity

and dissolved oxygen, located on the first axis, were

subjected to very little variation (Fig. 5a). Since the

entire structure relies nearly exclusively on this first

axis, the structure was globally very stable. Indeed,

diatoms and Dinophyceae were usually located on the

right side of the factor map, while Chlorophyceae and

Cyanophyceae usually appeared on the left side

(Fig. 5b), indicating the relative stability of the

distribution of the classes in the different ponds,

depending on their salinity levels, throughout the

whole year. On the contrary, the influence of the

variables related to N and P was more variable

(Fig. 5a). Even if these variables have a limited

influence, the consequences of those variations on the

composition of the communities are visible on Fig. 5b.

The Dinophyceae seem to be globally associated with

high NH4
? values. Their global distribution was rather

stable, except in March when their abundance

decreased in A16, C21, and C41. The diatoms seem

to be associated with high PO4
3- values and, from July

to November, with high NO3
- values. Their global

distribution was rather stable over the year. From

December to March, the position of NO3
- on the

factor map was decoupled from that of PO4
3- and

moved to the left because of an increase in NO3
-

values in the most salty ponds. At the same time,

Dunaliella salina developed in these ponds. pH

decreased in July in A5. At the same time, the

Euglenophyceae developed in this pond.

The projection of the samplings on the compromise

axes, in terms of environmental parameters and of

species structure (Fig. 6), showed rather short arrows,

indicating a strong relationship between environmen-

tal conditions and community structure in all the ponds

and at all sampling dates. The projections of the ponds

at each sampling dates were quite close to the mean

projections (Fig. 4); the environmental and species

structures were rather stable along the year. From

November to March, however, the structure was

slightly stronger along the first axis; the projections

of the ponds A5 to C41, on the right, were more

detached from those of the most salty ponds, M2 to TS,

on the left, indicating higher differences in the

environmental conditions and in the species structure

between these two groups of ponds at these dates. This

split may be explained mostly by the enrichment of theT
a
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most salty ponds in NO3
- and in halotolerant species

such as D. salina in the most salty ponds at these dates,

causing a divergence in the community structure

between the least salty ponds and the most salty ponds.

Discussion

Despite the stressful effects of salt, there is a high

diversity of phytoplankton taxa (64) in the saltern of

Sfax compared with another one in Egypt (42)

(Madkour and Gaballah 2012) and in southeast Spain

(49) (Asencio 2013). However, phytoplankton diver-

sity decreases as the salinity increases, as shown by a

decrease in the diversity index H0 (Nagasathya and

Thajuddin 2008; Asencio 2013). The STATICO

analysis confirmed that salinity is the principal factor

structuring the phytoplankton communities in the

saltern. The great majority of the species are found

mostly in the least salty ponds, explaining the high

values of dissolved oxygen, along with the entry of

seawater (Quintana et al. 1998; Asencio 2013).

Indeed, dissolved oxygen can be related to the

intensity of photosynthetic and respiration processes

when the water depth is low (70 cm in our study)

(Debelius et al. 2009). In particular, the least salty

ponds shelter numerous species of diatoms and

Dinophyceae and rarely Euglenophyceae. This phy-

toplankton composition differs from that of Las

Salinas del Pinet in Spain where flagellates dominate

in the least salty ponds (Asencio 2013). The saltiest

ponds contain a few Chlorophyceae and Cyanophy-

ceae, in particular the green alga D. salina and the

cyanobacteria Aphanothece sp., P. versicolor, and

Oscillatoria sp. These species adapted to salt are found

in the saltiest ponds in numerous saline systems

(DasSarma and Arora 2001; Dolapsakis et al. 2005;

Oren 2009; Chatchawan et al. 2011). The distribution

of the classes along the salinity gradient in the Sfax

saltern is the same as that encountered in most salt

marches (Dolapsakis et al. 2005; Oren 2009; Madkour

and Gaballah 2012).

The distribution of the species in the saltern reflects

their ability to develop in more or less salty water.

Chatchawan et al. (2011) defined the halophilic

species sensu stricto as species that require a salty

environment, while halotolerant ones are species that

are able to grow in the presence of NaCl, but do not

require it. The species found in the saltern of Sfax do

not require salt. Many species are reported simulta-

neously in the least salty ponds, in moderately salty

ponds, and sometimes also in the most salty ponds.

Most species with a high optimum salinity also had a

high salinity tolerance value. In summary, the phyto-

plankton species of the Sfax saltern are marine or more

or less halotolerant species depending on the classes

and even on the genus to which they belong. Overall,

the diatoms, the Dinophyceae, and the Euglenophy-

ceae were usually slightly or moderately halotolerant,
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Fig. 3 Interstructure of the STATICO analysis. a Eigenvalues

barplot. b Interstructure factor map. The lengths of the arrows,

in projection on the first axis, reflect the weight of the sampling

dates in the analysis. c Typological value indices plot. The

weight corresponds to the contribution of each table to the

construction of the compromise and cos2 indicates the fit of each

table to the compromise. June to December correspond to the

year 2010, and March to May to the year 2011
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whereas the Chlorophyceae and Cyanophyceae were

extremely halotolerant. Beyond 70 g L-1, the salinity

and the ionic composition of the solar ponds differ

from those of the sea, which causes a physiological

constraint on marine organisms that become unable to

colonize these environments (Britton and Johnson

1987). The salinity ranges where the different species

were found were very similar to those identified in

several salt marches (DasSarma and Arora 2001;

Dolapsakis et al. 2005; Oren 2009). The tolerance

level depends on the mechanisms of salt adaptation or

acclimation of the species (Rai and Gaur 2001). Some

microalgae, such as the extremely halotolerant D.

salina, synthesize stress metabolites, such as proline,

glycine betaine, and glycerol, to ensure that the

osmotic balance is maintained and expels harmful

sodium ions from the cells (Mishra et al. 2008).

Sodium expulsion via ion transporters ensures cellular

homeostasis (Chen and Jiang 2009). In cyanobacteria,

the mechanism of adaptation determines the resistance

potential of the cells. Strains able to resist salinity up to

40 accumulate sucrose and trehalose, strains able to

resist salinity up to 100 accumulate glycosylglycerol,

and strains able to resist salinity up to 156, such as

Aphanothece sp., P. versicolor, and Oscillatoria sp.,

accumulate glycine betaine or glutamate betaine
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Fig. 4 Compromise factor maps of the STATICO analysis.

a Projection of the environmental variables onto the factor map.

Variable codes are indicated in Table 1. Boxes mean projection

of the environmental variables for each pond. b Projection of the

species onto the factor map. Species codes are indicated in

Table 2. Colors are used to distinguish the classes: green

Chlorophyceae; pale blue Cyanophyceae; dark blue

Dinophyceae; red Bacillariophyceae; and purple Euglenophy-

ceae. The font size is indicative of the halotolerance level of the

species. Boxes mean projection of the species for each pond. The

superimposition of the two maps provides information about the

stable part of the relationships between environment and

phytoplankton. (Color figure online)
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Fig. 5 Trajectories of the STATICO analysis for environmen-

tal variables and species. a Projection of the environmental

variables onto the factor map at each date. Variable codes are

indicated in Table 1. Colors indicate apparent association of

some variables with a class (see Fig. 4). b Projection of the

species onto the factor map at each date. Species codes are

indicated in Table 2. Colors are used to distinguish the classes

(see Fig. 4). (Color figure online)
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(Karandashova and Elanskaya 2005; Oren 2009).

Diatoms, including Amphora, Nitzschia, and Navicula

species, were commonly found, but rarely abundant in

hypersaline environments. Although osmoregulation

has not been studied extensively in diatoms, some

species have been reported to accumulate proline and

oligosaccharides (DasSarma and Arora 2001).

Nutrients are more abundant in the saltiest ponds

than in the least salty ponds. This may be due to a

higher nutrient uptake in the least salty pounds where

phytoplankton is more abundant (Yin et al. 2000;

Arrigo 2005; Sterner et al. 2008; Fehling et al. 2012),

to progressive evaporation along the water flow, which

concentrates the nutrients, and to the intense recycling

of organic matter at high salinity (Britton and Johnson

1987; Quintana et al. 1998; Davis and Giordano 1996;

Joint et al. 2002; Wieland and Kühl 2006). Nutrients

are also structured along the second axis of the

STATICO analysis, with phosphate at the top of the

factor map and nitrogen ions at the bottom. The

nitrate/phosphate ratio could therefore be a secondary

structuring factor for phytoplankton communities.

Dinophyceae seem to be favored at high NH4
? values.

This is in accordance with previous results since

Collos et al. (2004) found that Dinophyceae used

uppermost NH4
? rather than NO3

-. Dinophyceae

seem to be also associated, to a lesser extent, to total

nitrogen, which suggests that some of them can change

their diet and convert to mixotrophy (Ismael 2003;

Lopez-Flores et al. 2006; Girault et al. 2013). On the

contrary, diatoms seem to be favored by high NO3
-

and PO4
3- values. Similar results were obtained in the

northeastern coast of the Black Sea (Silkin et al. 2014).

Collos et al. (2014) and Egge (1998) have also shown

that phosphate may often be a limiting factor for

diatoms. The enhanced P need of diatoms, in

comparison with other phytoplankton classes, may

be due to stressful conditions such as those encoun-

tered in the saltern. Vieler et al. (2007) found higher

amounts of phospholipids in the cells of a diatom than

in those of a green microalga, and Chen et al. (2008)

showed that diatoms produced higher amounts of

 d = 2 

 13 July 2010 

 A5 

 A16 

 C21  C41 
 M2 

 B1 

 TS 

 d = 2 

 24 August 2010 

 A5 

 A16  C21 

 C41 

 M2 

 B1 

 TS 

 d = 2 

 5 October 2010 

 A5 

 A16 

 C21  C41 
 M2 

 B1  TS 

 d = 2 

 9 November 2010 

 A5  A16 

 C21 

 C41 

 M2  B1  TS 

 d = 2 

 6 December 2010 

 A5 

 A16 

 C21 

 C41 

 M2  B1  TS 

 d = 2 

 10 March 2011 

 A5  A16 

 C21 

 C41 

 M2 
 B1 

 TS 

Fig. 6 Trajectories of the STATICO analysis for the ponds.

Projection of the sampling ponds onto the factor map at each

date. For each pond, the filled dot indicates the projection of the

environmental variables, and the circle indicates the projection

of the species. The dot and the circle are linked by an arrow
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phospholipids at high salinity. Differences in nutrient

needs between Dinophyceae and diatoms can be

related to their own physiological characteristics

(Girault et al. 2013).

The compromise discussed above describes the

average situation, whereas trajectories focus on the

variation over time of biotic and abiotic factors and of

the relationships between them, in each pond. The

composition of the phytoplankton communities varies

depending on the environmental conditions. The

global distribution of the diatoms and Dinophyceae,

mostly found in the least salty ponds, showed no

strong variation during the year. At the species level,

some species bloomed successively, all year round,

which is consistent with previous findings (Gilabert

2001; Abid et al. 2008; Khemakhem et al. 2010). This

dynamic may be driven by various environmental

factors including nutrients, and perhaps also by

stochastic events (Ortega-Mayagoitia et al. 2003).

The Euglenophyceae, also found in the least salty

ponds, were usually rare. Only one remarkable bloom

occurred in the first pond (A5) in July, apparently due

to an acidification. Indeed, some Euglenophyceae are

acidophilic (Olaveson and Stokes 1989). In the saltiest

ponds, Chlorophyceae and Cyanophyceae thrived

during the autumn and winter, which is consistent

with what has been reported in some other systems

(Andersson et al. 1994; Montoya 2009; Bazzuri et al.

2010; Chatchawan et al. 2011). The development of

the green alga D. salina persisted in spring, as reported

in some other hypersaline environments in USA and

Greece (Stephens and Gillespie 1976; Dolapsakis et al.

2005; Salm et al. 2009). In our study, this seems to

have been due to an increase in nitrogen ions,

particularly nitrates, which could be explained by an

increase in bacterial nitrifying activity (Pedros-Alio

et al. 2000; Madkour and Gaballah 2012; Asencio

2013) in spring, linked to warmer temperatures

(Elloumi et al. 2009).

Our study suggests that nutrients have an influence

on the distribution and dynamics of phytoplankton,

even if this influence is much lower than that of

salinity. Physiological differences among phytoplank-

ton taxa with regard to nutrient uptakes (Arrigo 2005;

Lopez-Flores et al. 2006) are consistent with this

hypothesis. Several studies have shown that nutrients

play a critical role in saline environments (Moll 1977;

Davis 2000; Ortega-Mayagoitia et al. 2003; Salm et al.

2009). This STATICO analysis has shown some

global trends, but further work is needed to elucidate

the influence of the principal nutrients in details and

their interactions with climatic factors, zooplankton,

and bacteria. Some other important parameters, such

as trace elements, should also be taken into account in

future studies. As reminded by Asencio (2013),

salinization of waters is expected to rise worldwide

as a result of climate changes (IPCC 2007). To ensure

the production of salt of good quality in the future, it is

necessary to well understand the functioning of saltern

in order to maintain stable species concentration and

composition by management techniques because they

help enhance solar absorption and eliminate dissolved

organic carbon and nutrients from the water column.
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