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Abstract

The planktonic food web structure was investigated in a productive Mediterranean gulf during spring and fall. Plankton
communities, rates of primary production (PP), bacterial production (BP) and grazing by microzooplankton and meso-
zooplankton were examined in a station influenced by Saharan dust, Stl; a station located in the Boughrara Lagoon, St2;
and a polluted station, St3, close to a phosphate industrial site. The high nutrient (12—-17 pM) and chlorophyll a (Chl a)
concentrations (3.7-16.9 mg m~) as well as the high rates of PP (1123-2638 mg C m~2d~!) and BP (128-1337 mg C m~2
d™1), recorded throughout the sampling period, indicated the eutrophic character of the study site. Microzooplankton and
mesozooplankton mostly showed seasonal changes in their composition and grazing rates. During spring, PP was dominated
by nano- and micro-sized fractions, but pico-, nano- and microphytoplankton contributed equally to Chl a. Heterotrophic and
mixotrophic microzooplankton consumed significant proportions of the daily production for bacterioplankton (50-72%) and
size-fractioned phytoplankton (25-86%), whereas herbivorous copepods grazed daily on 13—-15% of PP. These trophic links
suggested that the multivorous food web prevailed in spring. During fall, picophytoplankton, mainly Syrnechococcus, domi-
nated the Chl a and PP in St1, where microbivorous microzooplankton (mainly mixotrophic dinoflagellates) grazed > 50% of
the production of bacterioplankton and picophytoplankton, while mesozooplankton, dominated by detritivorous copepods,
removed only 5% of PP, suggesting a microbial food web. In St2 and St3, Chl a and PP were dominated by large phytoplank-
ton, which was substantially grazed by heterotrophic and mixotrophic microzooplankton (42-62% grazed d~') and copepods
(12-25% grazed d™'), indicating a carbon channeling throughout the herbivorous food web. The seasonal and spatial change
in the planktonic food web implies different efficiencies in the export of carbon. Even in productive waters, picophytoplankton
along with microzooplankton, including mixotrophic and heterotrophic organisms, significantly contribute to the ecological
functioning of these systems and play a central role in structuring the carbon transfer pathway.
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Introduction

The planktonic food web (PFW) deeply influences the flow
of matter and energy in marine biota. The determination
of the structure of PFW is central to understanding the
functioning of marine ecosystems and to predictig their
responses to diverse environmental and anthropogenic
changes (Thompson et al. 2012; Meddeb et al. 2019). For
the last 3 decades, two main concepts of PFW have been
reported with evolutions for each of them. The linear food
chain, assigned later as the herbivorous food web, and the
bacterial loop were the earliest to be recognised (Rhyter
1969; Azam et al. 1983). As trophic interactions within the
planktonic community were found to be more complex, the
multivorous food web and microbial food web, including
polymicrobial and phytomicrobial pathways, were then
proposed (Legendre and Rassoulzadegan 1995; Sakka
Hlaili et al. 2014). In fact, the size and composition of
producers and grazers determine the magnitude of primary
production and carbon transfer throughout the food web. It
has been acknowledged that herbivorous and multivorous
food webs, in which mesozoplankton (i.e. copepods) graze
significantly on large phytoplankton (i.e. diatoms), can
channel a large amount of carbon to higher consumers and,
hence, dominate in high productive ecosystems (Cushing
1989; Calbet et al. 2016). In less productive waters, the
microbial loop and microbial food web, dominated by
microzooplankton grazing on bacteria and small phyto-
plankton, are less efficient in carbon channeling, since
most carbon can be lost and remineralised (Legendre and
Gosselin 1989; Legendre and LeFevre 1989). This percep-
tion has been modified since there is increasing evidence
that microzooplankton can also play a substantial role
in channelling carbon in high productive waters, where
microbial food webs can be dominant (Vargas et al. 2007;
Grami et al. 2008). Indeed, microzooplankton, which are
often dominated by protozoan organisms such as hetero-
trophic ciliates and dinoflagellates, are abundant in coastal
waters (Sakka Hlaili et al. 2007; Sherr et al. 2009), where
they can consume > 60% of phytoplankton production
(Calbet and Landry 2004; Buitenhuis et al. 2010; Lépez-
Abbate 2021). Large heterotrophic dinoflagellates and
ciliates could have greater grazing impact on large phyto-
plankton than copepods (Jeong et al. 2004; Sakka Hlaili
et al. 2007; Meddeb et al. 2018). Furthermore, several
protozoans, particularly dinoflagellates, which have been
thought to be exclusively autotrophic, have been revealed
as mixotrophic, leading in the past to potential underesti-
mation of their grazing (Calbet 2008). These mixotrophs
have different feeding mechanisms and are able to feed on
diverse types of prey, including bacteria, picophytoplank-
ton, nanoflagellates and diatoms (Jeong et al. 2005, 2010;
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Seong et al. 2006). Therefore, the role of microzooplank-
ton in the different types of PFW may be more complex
than previously thought, especially in ecosystems where
mixotrophic organisms are abundant.

Different types of PFW have been reported in the Med-
iterranean Sea. The microbial food web and microbial
loop were documented in oligotrophic open sea areas,
where small producers and nanoheterotrophs are gen-
erally dominant (such as the Aegean, lonian, Adriatic,
Ligurian and Levantine Seas) (§olié et al. 2010; Christaki
et al. 2011; Tanaka et al. 2003, 2011; Giannakourou et al.
2014; Pulido-Villena et al. 2014; Livanou et al. 2019).
Conversely, coastal Mediterranean ecosystems support
high-nutrient waters and host large algal development and
intense diatom-bloom occurrence (Davidson et al. 2012;
Carstensen et al. 2015). Copepods seasonally dominate
the mesozooplankton (Hannides et al. 2015; Zakaria et al.
2018); then, primary production can efficiently be trans-
ferred to higher consumers throughout herbivorous food
webs (Alekseenko et al. 2014; Calbet et al. 2016). The
studies on PFW in the Mediterranean have mainly been
conducted in the Northern part and, to a small extent,
in the southern part (Grami et al. 2008; Sakka Hlaili
et al. 2008; Meddeb et al. 2018, 2019). This North-South
imbalance could limit the inter-system comparison and
the understanding of the ecosystem functioning of the
Mediterranean Sea. The Gulf of Gabes (hereafter referred
to as the Gulf), including the Lagoon of Boughrara, is
considered one of the most productive areas of the Medi-
terranean Sea (D’Ortenzio and d’Alcala 2009; Béjaoui
et al. 2019). However, it is still unclear how carbon is
channeled to higher consumers within the Gulf ecosys-
tem. In the latter, heterotrophic and mixotrophic protozo-
ans, including dinoflagellates, nanoflagellates and cili-
ates, can reach high concentrations up to maximum of
10° cells L™!, suggesting their strong top-down control on
phytoplankton (Drira et al. 2008, 2009; Hamdi et al. 2015;
Feki-Sahnoun et al. 2017, 2020). High abundance of the
mesozooplankton, mostly dominated by herbivorous
copepods, was also reported in this area (Hannachi et al.
2008; Drira et al. 2009, 2017; Makhlouf Belkahia et al.
2021). The previous studies in the Gulf suggest the domi-
nance of the multivorous food web, where microbial and
herbivorous pathways both would play important roles
in channeling carbon. Furthermore, trophic functioning
within the Gulf should change, since the plankton com-
munities showed significant seasonal and spatial dynam-
ics related to the change of environmental conditions (Bel
Hassen et al. 2008, 2009; Drira et al. 2009; Makhlouf
Belkahia et al. 2021). Seasonal variation on PFW has
already been reported in other coastal regions such as
the Bay and the Channel of Bizerte (SW Mediterranean),
where Meddeb et al. (2019) found an herbivorous food
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web in spring and summer and multivorous and microbial
food webs in autumn and winter. Shifts in PFW structure
and functioning among seasons were also observed in
coastal systems (Northeast US Shelf and Southeast Japan)
and were related to the seasonal variations of environ-
mental conditions and phytoplankton size composition
(Shinada et al. 2005; Marrec et al. 2021).

The present study is an investigation of carbon trophic
transfer in highly productive Southeastern Mediterranean
waters, by considering all planktonic components from
bacterioplankton to mesozooplankton. The main goal is
to depict the structure of PFW during two different sea-
sons and to assess the importance of different microbial
communities in channeling biogenic carbon. The results
will provide new insights into the functional roles of het-
erotrophic and mixotrophic microzooplankton and con-
tribute to a better understanding of the pelagic system
functioning in the Southern Mediterranean region. This
will support future ecological modelling of the structural
and functional characteristics of the PFW and its response
to environmental change pressure.
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Materials and methods
Study area

The Gulf of Gabes is an area wide in length and width that is
bound by Djerba Island to the Southeast and the Kerkennah
Islands to the Northeast (Fig. 1a). It is one of the largest con-
tinental shelves in the Eastern Mediterranean characterised
by one of the highest tide amplitudes (up to 2 m). The hydro-
dynamics of the Gulf are driven by local forcing, including
tidal currents, wind-induced drift currents, onshore-offshore
baroclinic currents and the southern branch of the Modi-
fied Atlantic Water (MAW) (Othmani et al. 2017; Boukthir
et al. 2019). The Gulf is also characterised by high nutrient
availability, resulting from anthropogenic loadings, sediment
resuspension events and inputs of Saharan dust (Bel Has-
sen et al. 2009; Drira et al. 2009; Khammeri et al. 2018).
Phosphorous nutrients are particularly high (>3 uM for
PO43_, > 10 uM for organic P; El Kateb et al. 2018) because
of the development of the phosphate industry (since 1972)
and the discharge of phosphogypsum (~ 12,000 ton per day),
which also bring several metallic pollutants into the Gulf
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Fig. 1 Location of the three study stations in Gulf of Gabes (Southeastern Mediterranean Sea, Tunisia)
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(Khedhri et al. 2014; Boudaya et al. 2019; Kmiha Megdiche
et al. 2019).

The Lagoon of Boughrara (Fig. 1a) is a semi-closed eco-
system located at the Southwestern part of the Gulf that
supports aquaculture and fishing. It is a shallow lagoon
(< 10 m depth and 500 km? surface area) characterised by a
very high net evaporation, leading to higher salinity (>40)
than in surrounding sites (Feki-Sahnoun et al. 2014). The
poor water exchange between the Lagoon and the Mediter-
ranean Sea has enhanced the eutrophisation of the Lagoon
in recent decades (Feki-Sahnoun et al. 2017). The Lagoon
is also affected by the phosphogypsum discharge, reflecting
in loadings of phosphorus, organic matter and heavy metals
(Khedhri et al. 2014).

Sampling

Sampling was conducted during April (herein referred to
as spring) and November 2017 (herein referred to as fall) at
three stations (Fig. 1) with specific environmental features.
Station St1 (33° 52’ 54" N, 10° 42"11" E, 12 m maximal
depth, Fig. 1b), located in the marine coastal area of Jerba
Island, is subject to nutrient supply by Saharan dust (Hamza
et al. 2016). Station St2 (33° 39’ 14" N, 10°46'14" E, 8 m
maximal depth, Fig. 1c), located in the Lagoon of Bough-
rara, is considered a very eutrophic site (Feki-Sahnoun et al.
2017). Station St3 (34° 24’ 58" N, 10° 21'40" E, 7 m maxi-
mal depth, Fig. 1b) is situated on the coast of Skhira city,
where the main phosphate industrial site was installed. For
each station, water was collected using a 5-1 plastic water
sampler (Hydro-Bios), at three depths (2, 4 and 8 m for Stl;
2,4 and 6 m for St2; 0.5, 2.5 and 4 m for St3). Seawater
samples were filtered through a 200-pm mesh screen (to
remove debris and large zooplankton) and then stored in
polyethylene containers for further chemical and biologi-
cal analyses. Then, temperature, salinity, pH and dissolved
oxygen were measured on the raw seawater samples using a
multi-probe sensor (Multi 1970i, WTW). Mesozooplankton
samples were collected using a WP2 200-pum mesh net with
a ring diameter of 28 cm. The net was towed vertically at a
speed of 1 m s~! from depths of 10 m at St1, 9 m at St2 and
6 m at St3 to the surface. A flow meter was used to deter-
mine the water volume filtered during the net tow.

Nutrients, POC and Chl a analyses

Nutrient subsamples (100 ml) were immediately stored
at — 20 °C and in the dark until the analysis. Nutrients
were analysed using an autoanalyser type 3 (Bran and
Luebbe). The detection limits were 0.004 mg dm™> for
NO,™, 0.009 mg dm™ for NO,™, 0.007 mg dm™ for NH,*,
0.018 mg dm™ for PO,*~ and 0.012 mg dm™> for Si(OH),.
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For POC analysis, seawater samples were filtered onto
pre-combusted (450 °C overnight) 25-mm Whatman GF/F
filters (0.7 pm pore size). After filtration, the filters were
placed in glass tubes and immediately frozen. In the labora-
tory, they were dried at 60 °C for 24 h and stored in glass
tubes until analysis was performed. Before analysis, filters
were acidified with H,SO, to remove inorganic carbon. POC
was determined by high temperature combustion (900 °C)
and was performed with a CN Integra mass spectrometer,
according to Raimbault et al. (2008).

For Chl a analysis, subsamples of 1000 ml were succes-
sively filtered through 10-, 2- and 0.2-um pore-size polycar-
bonate filters to obtain Chl a in three size classes of phyto-
plankton (> 10 um, 2—10 pm and <2 pm). The pigments on
the filters were then extracted in 90% acetone at 4 °C and
stored in the dark overnight, and Chl a concentrations were
determined using the spectrophotometric method, following
the procedure given by Parsons et al. (1984).

Plankton analyses and carbon biomass estimation

Abundances of small phytoplankton and bacterioplankton
were determined through flow cytometry analyses, accord-
ing to Khammeri et al. (2018, 2020). Seawater subsamples
(1.8 ml) were immediately fixed with 0.2 ml of a 20% (w/v)
paraformaldehyde solution, pH 7.2, incubated at 4 °C in
the dark for 20 min, frozen in liquid nitrogen on board and
then stored at -80 °C in the laboratory. Fixed samples were
analysed with a CyFlow® Space flow cytometer (Sysmex
Partec) equipped with a blue diode-pumped solid-state laser
(20 mW) at a wavelength of 488 nm and a red diode laser
at a wavelength of 638 nm (25 mW). Phytoplankton groups
(picoprokaryotes, picoeukaryotes and nanoeukaryotes) were
resolved based on their red (FL3, 675 +25 nm) and orange
(FL2, 590 + 25 nm) autofluorescence signals, corresponding
to the presence of Chl a and phycoerythrin pigments (Fig.
S1). The forward light scatter (FSC) and the side light scatter
(SSC) were used to characterise the cell size, structure and
shape. Bacterioplankton were stained with SYBR Green-1
(Invitrogen) and incubated in the dark for 15 min before
acquisition triggered the green fluorescence signal (FL1,
536 +30 nm). Bacteria were distinguished based on their
green fluorescence and side light scatter (SSC) signals. The
flow cytometric analysis revealed five phytoplankton and one
bacterial groups (Fig. S1). Nanoeukaryotes (R1) were char-
acterised by the highest red fluorescence and Synechococcus
(R4) by the highest orange fluorescence signals. Picoeukary-
otes (R2) had low red and orange signatures. Two groups of
nano-sized eukaryotes were detected and were labelled as
Nanol MFLR (R3) and Nano2 HFLO (R5) (Khammeri et al.
2020). The Nanol MFLR and Nano2 HFLO cells had simi-
lar red and orange fluorescence signals to the picoeukaryotes
and Synechococcus groups, respectively, but higher FSC and
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SSC signatures, comparable to those of the nanoeukaryotes
group, R1. These groups were previously observed in the
Gulf (Khammeri et al. 2020). Bacterioplankton (R7) tended
to show marked distributions of FL1 (green fluorescence)
versus the SSC plot.

Samples for identification and counting of large phyto-
plankton were fixed in a 3% acid Lugol solution and micro-
zooplankton were fixed in a 4% alkaline Lugol solution (Par-
sons et al. 1984; Sherr and Sherr 1993). Abundances were
determined under an inverted microscope (Motic AE31E,
100x objectives) in 100 ml settled volumes (Utermohl 1931).
At least 500 phytoplankton cells and 200 microzooplank-
ton cells were counted in each sample. During our study,
microzooplankton included heterotrophic ciliates (identified
as aloricates and tintinnids), heterotrophic nanoflagellates
and mixotrophic ebridian flagellates (Hargraves 2002; Jafari
et al. 2015). Dinoflagellates were considered to be within the
micrograzer’s community, as most of them are phagotrophic
(Stoecker 1999; Sakka Hlaili et al. 2007). Dinoflagellates
were identified as heterotrophic (HDino) or mixotrophic
(MDino) organisms, according to the literature (Jacobson
and Anderson 1996; Jeong et al. 2010; Boutrup et al. 2016).
Other metazoan microzooplankton, such as copepods nauplii
and sarcodines, were extremely scarce in our samples and
were therefore excluded from the micrograzer’s community.

Samples for mesozooplankton analysis were immediately
fixed after sampling with borate-buffered formalin (5% final
concentration). A count of metazoans was performed under
a Leica M205C stereo microscope. All organisms were iden-
tified to the lowest possible taxonomic level, according to
Trégouboff and Rose (1957) and Razouls et al. (2005, 2020).

For different planktonic groups (from bacteria to micro-
zooplankton), the biovolume of each taxon was determined
after measuring its dimensions and applying a standard
geometric formula to it. The carbon biomass of each group
was then determined by multiplying the carbon content of
different taxa by their abundances as detailed in Meddeb
et al. (2018). For each planktonic group, carbon biomass
(mg C m~%) from the three sampled depths were used to
calculate the integrated carbon biomasses expressed in mg
Cm™

Dilution experiments

Dilutions experiments (Landry and Hassett 1982) were
carried out at the three study stations, at the same time as
sampling, to estimate growth rates of bacterioplankton and
of each phytoplankton size fraction as well as their graz-
ing rates by microzooplankton. The dilution technique is a
simple standard method that has been used for the last few
decades in various ecosystems from open sea to the coastal
zone (Landry and Calbet 2004; Pecqueur et al. 2022) since
it simultaneously provides growth and grazing rates. This

technique was performed also to measure primary produc-
tion since it gives production rates that are reasonable prox-
ies for 1*C estimated production (Brown et al. 2002; Dokulil
and Qian 2021). Seawater was collected at the depth of Chl a
maximum (4 m for St1; 2 m for St2; 2.5 m for St 3), which
was determined before sampling, then filtered through a 200-
pm mesh screen. The <200 um prescreened water served to
prepare dilution levels at 25, 50, 75 and 100%, using parti-
cle-free seawater obtained by filtration on a 0.2 um sterile
capsule filter (75 Polycap, AS). Each dilution mixture was
distributed into three clean 2-1 polycarbonate bottles, and
dilution bottles were incubated in situ for 24 h. Samples
were taken from all dilution levels, before and after incuba-
tion, to analyse the different plankton groups (bacterioplank-
ton, size-fractioned phytoplankton and microzooplankton)
as described above.

Based on the exponential model of growth, the appar-
ent growth rate (r, d') of size-fractioned phytoplankton or
bacterioplankton, from each dilution level, was calculated
according to the formula

C
r = ln—txl

where C, and C, are the initial and final carbon biomass,
respectively, and ¢ is the incubation duration (1 day). The
linear regression of r against the dilution level was derived
in order to obtain the specific growth rate (k, d~') of phy-
toplankton or bacterioplankton (y-axis intercept) and their
grazing rate (g, d~!, regression slope) (Landry and Hassett
1982; Landry et al. 2003). The significance of the regression
slope was statistically verified (Student's ¢ test, p < 0.05) for
all types of prey and in all dilution experiments.

To avoid possible artefacts on grazing estimates, the net
growth rate of microzooplankton was estimated (Sakka
Hlaili et al. 2007) as:

R(d™") = In 2 x 1
Z, t
where Z and Z, are the initial and final (after 1 day) biomass
of protozoans, respectively, in undiluted bottles (100%).
Then, the corrected grazing rate (g, d™!) was calculated
(Gallegos 1989) as: g = G
oo T T Rettn
For each prey, coefficients g and g.,,. were not signifi-
cantly different (# test, p > 0.05), indicating a non-saturated
grazer feeding response during our experiments. Therefore,
coefficient g was used for further calculations. Production
rates (P) of bacterioplankton and size-fractionated phyto-
plankton and their consumption rates by microzooplankton
(G) were calculated according to several authors (Sakka
Hlaili et al. 2007; Grattepanche et al. 2011; Meddeb et al.
2018) as:
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P(mg C m_Sd_l) = C, Xk

G (mng_3d_1) =C,Xg

where C,, is the average biomass of bacterioplankton or phy-

toplankton for 1 day and was calculated as: ¢ = Cx(xk[f‘:"“]
—g)Xt

where C, (mg C m™>) is the initial biomass of bacterioplank-
ton or phytoplankton. Then, the rates P and G were multi-
plied by the depth of the station to get the depth-integrated
rates (mg m~2 d~!). The depth-integrated production rates
for the three size fractions were added to get the total phy-
toplankton production.

The percentage of the bacterial or phytoplankton pro-
duction consumed by microzooplankton was calculated as:
%P grazed (d~') = 100 x %.

Mesozooplankton gut content analysis

The grazing impact of mesozooplankton was measured by
the gut fluorescence method, which has been widely used
to assess the consumption of phytoplankton by metazoo-
plancton, such as copepods (Irigoien 1998; Tseng et al.
2008; Meddeb et al. 2018). Mesozooplankton samples
were collected at each station and during each season,
as described above. The net was rinsed, and the cod end
content was immediately narcotised with 10% carbonated
water (final concentration, v/v) to minimise stress and gut
evacuation of the zooplankton (Kleppel and Pieper 1984).
Three subsamples (500 ml) were taken from the cod and
were kept frozen in the dark to minimise faecal pellet pro-
duction by the organisms (Saiz et al. 1992). Subsamples
were filtered onto 47-mm-diameter GF/F filters, wrapped
in foil, immediately frozen and stored in liquid nitrogen
until the pigment extraction. These filters were homog-
enised in 90% acetone, using a motorised tissue homog-
eniser, and filtered through 25-mm GF/F filters to remove
any pulp. The extracted gut pigment was measured before
and after acidification with 10% hydrochloric acid, using
the spectrophotometric method (Parsons et al. 1984).

The gut pigment content (GP) was calculated, according
to Slaughter et al. (2006) as:

Cyp XV

GP (mg pigment m_3) = TV

where C;, (mg pigment m~3) is the phaeopigment concen-
tration in the subsample, v (m?) is the volume of the sub-
sample, F is the fraction of the subsample processed for gut
pigment content, and V1 (m?) is the total volume of water
filtered during the net tow. The consumption rate of phyto-
plankton by mesozooplankton was calculated as:

@ Springer

G (mg Cm?d') = Dx[GP x CRx o]

Chla

where D (m) is the depth of the net tow; C:Chl a is the depth-
averaged C:Chl a ratio determined for >2 pm phytoplankton
at each station and season, and CR (d‘l) is the gut clearance
rate of the mesozooplankton. This rate, which is tempera-
ture dependent, was determined based on the gut clearance
rate constant [K min~'=0.0117 +(0.001794 x temperature)]
given by Dam and Peterson (1988). The percentages of the
phytoplankton production consumed by mesozooplankton
was calculated as:

!/
%P grazed (') = 2 x100

The percentage of standing crop consumed by mesozoo-
plankton was calculated as:

% Chl a grazed (d') = GP x E—R X 100

D

where P is the production rate of >2 pm phytoplankton (esti-
mated by the dilution method), and Cy, is the depth-average
of >2 um Chl a at each station and during each season.

Calculation of field unmeasured rates

The rate of microzooplankton production was obtained by
multiplying their total consumed carbon (i.e. the sum of
consumption rates on bacterioplankton and size-fractioned
phytoplankton) by the lower (25%) and the upper limit (50%)
of zooplankton growth efficiency (Vézina and Pahlow 2003).
The production of micrograzers was considered as the meso-
zooplankton predation on microzooplankton (G’z). Then,
the sum of the consumption rates of mesozooplankton on
phytoplankton (i.e. the rate G’ estimated by the gut con-
tent analysis) and on microzooplankton (i.e. the rate G’z)
allowed us to estimate the rate of total carbon consumed by
mesozooplankton (i.e. herbivory and carnivory). Finally, this
total consumption rate of mesozooplankton was multiplied
by the lower (25%) and upper limit (50%) of zooplankton
growth efficiency (Vézina and Pahlow 2003) to get the pro-
duction rate of metazoans, which was assumed to be the
carbon potentially available for higher consumers.

The production rate of nano- and microphytoplankton
minus their consumption rates by microzoooplankton (i.e.
rate G) and mesozooplankton (i.e. rate G’) gives the rate of
carbon that would potentially sink (i.e. sedimentation).

Statistical analyses
The spatial and seasonal variations on plankton estimates

(biomasses, abundances and rates of growth, grazing, pro-
duction and consumption) were tested by an analysis of
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variance (ANOVA). The assumption of normality of data
distribution (Kolmogorov-Smirnov test) and homogeneity of
variance (Bartlett-Box test) were respected. Spearman cor-
relation (r,) was used to test different relationships between
preys, grazers and environmental factors. ANOVA and cor-
relation analysis were performed in SPSS software18.0 for
Windows.

A principal component analysis (PCA) was applied on
environmental variables to assess the similarities and differ-
ences among stations and seasons and the relevant factors
responsible for the differentiation. The R library Remdr was
used with the plugin FactoMineR version 2.7-1 (L€ et al.
2008). The PCA was based on data centered and scaled to
unit variance.

To reveal the co-structure between the prey and their
potential grazers, a co-inertia analysis was applied (Chessel
and Mercier 1993; Dolédec and Chessel 1994). This mul-
tivariate analysis is a symmetric coupling method, provid-
ing a decomposition of the co-inertia criterion on a set of
orthogonal vectors, defining independent axes of maximum
covariance (Chessel and Hanafi 1996). In our study, the
two tables used were: (1) the consumption rates of preys by
microzooplanton per station and season and (2) the biomass
of microzooplankton per station and season. Applying this
method aims at linking the grazing rates on the prey and the
biomass of their potential consumers. The co-inertia was
carried out with the coinertia function of the ADE4 pack-
age with R 4.1.2, after carrying out a standardised PCA on
each of the two tables (7 grazing rates and 5 biomasses of
grazers for 6 stations/seasons). A between-class analysis
(BCA, Dolédec and Chessel 1987; Culhane et al. 2002) was
then performed on the two standardised PCAs. Spearman
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Fig.2 Principal component analysis (PCA) conducted on the mean
values of the main environmental parameters for the three stations
during the spring and fall 2017. On the left: variable correlation cir-
cle; on the right: distribution of samples through the two axis. S salin-

correlations were related to this analysis and were also used
with R 4.1.2 to investigate the relationships between the con-
sumption of prey and biomass of micrograzers.

Results
Environmental factors

The first two components of the PCA on environmental vari-
ables explain 73% of the total variance showed a clear dis-
tinction between seasons and stations (Fig. 2). The seasons
were mainly distinguished through the vertical axis, which
was positively correlated with PO43_ (r=0.6, p<0.05,
N=18) and Si(OH), (r=0.7, p<0.01, N=18) and negatively
correlated with total nitrogen (N=NO,” +NO;~ + NH,")
(r=-0.7,p<0.01, N=18) and Chl a (r=- 0.8, p<0.01,
N=18). The horizontal axis, which was positively correlated
with POC (r=0.5, p<0.01, N=18) and temperature (r=0.9,
p<0.01, N=18) and negatively with salinity (r=— 0.9,
p<0.01, N=18), allowed the discrimination of the three
stations during each season. Concerning the seasonal vari-
ation, the PO,*>~ and Si(OH), concentrations recorded in
spring were higher than in fall. Conversely, the N concen-
trations measured in spring were lower than those found
in fall (Table 1, ANOVA, p <0.05, N=18). Temperature
was higher in spring than fall (Table 1, ANOVA, p <0.05,
N=18), while salinity, pH, dissolved oxygen and POC varied
little between seasons (Table 1, ANOVA, p>0.05, N=18).
Lower Chl a concentrations were measured in spring
(3.31-4.73 mg m~>) compared to fall (4.91-16.86 mg m~>)
(Table 1, ANOVA, p <0.05, N=18). Regarding the spatial

Individuals factor map (PCA)
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Table 1 Depth average environmental factors and Chl a concentrations and depth integrated carbon biomasses in the study stations during the

spring and fall 2017 (mean values +SD, N=18)

Spring Fall
Stl St2 St3 Stl St2 St3

Temperature (°C) 17.78+£0.26 17.80+£0.15 23.95+£0.07 16.58 £0.67 15.00+1.27 15.40+0.14
Salinity 38.55+0.01 42.57+0.23 39.15+£0.07 39.20+0.14 42.35+0.07 40.10£0.42
pH 8.17+£0.12 8.30+0.10 8.60+0.05 8.01+£0.05 8.04+0.14 7.98£0.05
Oxygen (mg L") 8.57+0.31 8.27+0.15 8.46+0.12 9.35+0.15 10.39+0.32 9.76 +£0.05
NO,” +NO;” +NH," (uM) 490+1.64 6.53+0.23 2.33+0.37 7.42+0.03 6.60+0.16 6.46+0.33
PO~ (uM) 1.97+0.02 1.76 +0.07 0.74+0.13 0.64+0.04 0.52+0.05 0.37+0.16
Si(OH), (uM) 3.48+0.02 3.88+0.71 3.11+0.93 2.22+0.01 1.28+0.02 1.51+0.22
POC (mg C m™) 2403 +279 3359+ 151 4552+17 307076 2336 +250 4554 + 84
Chl a (mg m™>) 4.73+0.10 3.66+0.04 3.31+0.10 16.86+0.21 5.45+0.21 491+0.13

% Microphyt 31+2 43+3 29+3 21+3 53+5 38+2

% Nanophyt 36+1 27+3 32+5 14+1 22+3 34+2

% Picophyt 33+5 40+3 39+5 65+5 25+2 28+5
Bacterioplankton (mg C m™2) 39+4 151+12 234+17 149+17 581+37 268 +30
Total phytoplankton (mg C m™2) 1081+30 561+20 315+8 900+18 722430 237+4

% Microphyt 67+3 79+2 68+2 52+2 63+2 61+2

% Nanophyt 25+2 12+0.5 24+1 12+1 28+1 26+2

% Picophyt 8+0.5 9+0.2 8+0.5 36+2 9+0.5 13+1
>2 um phytoplankton (mg C m~2) 996 +42 513+26 290+6 580+26 651+25 205+4

% Auto. ciliates 3+0.5 3+0.7 8+1 6+1 4+0.6 9+1

% Auto. dinoflagellates 20+3 14+3 30+2 28+3 40+3 23+2

% Diatoms 52+3 72+4 38+1 2242 43+3 39+2

% Phytoflagellates 25+2 11+0.3 24+1 44+3 13+1 29+4
<2 um phytoplankton (mg C m~2) 85+3 48+2 25+2 3208 71+2 32+1

% Eukaryotes 80+2 77+3 93+1 20+6 70+2 7143

% Synechococcus 20+2 23+3 7+1 80+6 30+2 29+3
Micozooplankton (mg C m™2) 1722+ 68 517+66 842+18 33724571 9039+970 393+18

variation, St1 and St2 were characterised by high PO,*~ con-
centrations, while St3 was distinguished by high POC levels
during the two seasons (Table 1, ANOVA, p <0.05, N=18).
It should be noted that Chl a reached a very high level in Stl
during the fall (Table 1, ANOVA, p<0.01, N=18).

During spring, the three size fractions of phytoplank-
ton contributed almost equally to total Chl a in all sta-
tions (Table 1). During fall, the pico-sized Chl a fraction
dominated in St1 (65%) whereas the microphytoplankton
formed the half of Chl a in St2. In St3, the nano- and micro-
sized fractions together contributed the most to total Chl a
concentration.

Carbon biomass, growth and production
of bacterioplankton

In general, the carbon biomass of bacterioplankton was sig-
nificantly lower in spring (39-234 mg C m~2) compared
to fall (149-581 mg C m~2) (Table 1, ANOVA p<0.01,
N=18). During spring, the bacterial biomass increased from

@ Springer

Stl to St3. In fall, it showed the lowest and the highest value
at St1 and St2, respectively. Rates of bacterial growth and
production (BP) measured in spring (0.82—1.71 d~! and 129
— 470 mg C m~2 d~") were lower than those recorded in
fall (1.63-2.50 d~! and 380-1337 mg C m~> d~!) (Table S1,
Fig. 3a, ANOVA p <0.01, N=18). The lowest growth and
production rates recorded were found at Stl and the highest
were found at St2 in spring, while rates decreased from St1
to St3 in fall. The bacterial production followed the spatial
and seasonal variations of total phytoplankton production
(r,=0.78, p<0.01, N=18).

Carbon biomass, growth and production
of phytoplankton

Total carbon biomass of phytoplankton showed significant
variations between seasons and stations (Table 1, ANOVA,
p<0.01, N=18). During each season, the highest bio-
masses were recorded at Stl and the lowest biomasses in
St3. Phytoplankton biomass was dominated by > 2-um-sized
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Fig. 3 Production (P) and
consumption (G) rates of a
bacterioplankton and b phyto-
plankton (three size fractions)
in the study stations during
the spring and fall 2017 (mean
values + SD)
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cells, specifically by the micro-sized fraction (55-80%).
The >?2 um phytoplankton showed significantly variable
biomasses among seasons and stations (205-996 mg C m2,
Table 1, ANOVA, p<0.01, N=18). Micro-sized diatoms
dominated the >2 pum phytoplankton biomass at all stations
during spring (38-72%, Table 1) and were mostly repre-
sented by larger species (45—105 um), such as Lithodesmium
undulatum, Dactyliosolen fragilissimus and Licmophora
flabellate. During fall, diatoms showed a large decrease at
St1 (only 22% of >2 um phytoplankton biomass), whereas
nano-sized phytoflagellates (mainly chlorophyceae Mamiella
gilva) became dominant (44%). Diatoms remained an impor-
tant component of the >2 pm phytoplankton during fall at
St2 and St3 (39-43%), with Skeletonema costatum and
Navicula spp. (12-30 um) as dominant species. Autotrophic
dinoflagellates (represented by Prorocentrum compressum,
P. gracile and P. lima) contributed 14-30% to the community
in spring and 23-40% in fall. Autotrophic ciliates (Mesod-
inium rubrum) were scarce, accounting for only 3-9% of the
community (Table 1). Carbon biomass of picophytoplankton
varied largely from 25 to 320 mg C m~2 (Table 1, ANOVA,
p<0.01, N=18). The picoeukaryotes were dominant during
spring at all stations, forming 56-85% of pico-sized carbon
biomass. During fall, picoeukaryotes and Synechococcus
showed similar contributions at St2 (51 and 49%) and St3
(48 and 52%), while Synechococcus displayed a pronounced
biomass at Stl (253 mg C m_z) and hence, formed 80% of

(b) Phytoplankton

Spring

B Microphytoplankton
ONanophytoplankton

O Picophytoplankton

the picophytoplankton biomass. Accordingly, the pico-sized
fraction, which did not exceed 12% of total phytoplankton
carbon throughout the study, showed an increased contribu-
tion (~40%) at St1 during fall. A significant positive corre-
lation was found between the Synechococcus biomass and
N-nutrient levels (r,=0.48, p <0.05).

The growth rate of each phytoplankton size fraction var-
ied significantly (ANOVA p <0.01, N=18) between seasons
and stations (Table S1). During both seasons, the highest
growth rates for picophytoplankton were observed at Stl,
with a decreased value in spring (1.5 d™!) relative to fall
(2.9 d7"). At the other stations, growth rates of pico-sized
fraction were somewhat higher in spring (0.44-1.22 d™!)
than in fall (0.26-1.01 d~!). For nanophytoplankton, growth
rates ranged from 0.55 to 1.88 d™! in spring and generally
decreased in fall (0.21-1.01 d~!). An opposing pattern was
observed for microphytoplankton, which showed relatively
higher growth rates in fall (0.85-1.76 d~!) than in spring
(0.70-1.25 d~1). For all size fractions, growth rates meas-
ured at St3 were significantly lower than those recorded
at other stations during both seasons (ANOVA p <0.01,
N=18).

Size-fractioned and total phytoplankton production (PP)
varied significantly among stations and seasons (Fig. 3b,
ANOVA, p<0.01, N=18). Picophytoplankton had a very
high production rate during fall at St1 (1646 mg C m~>d™),
while lower values were recorded at the other stations
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during both seasons (13-169 mg C m~2 d~!). Produc-
tion rates for nanophytoplankton were in general low
(20-270 mg C m~2 d~!) but increased during spring at St1
(588 mg C m~2 d~1). Microphytoplankton production rates
in spring (248-1051 mg C m~2 d™!) were relatively lower
compared to fall (366—1500 mg C m~2 d~!). During both
seasons, the highest and the lowest values were measured
at St2 and St3, respectively. Total PP rates measured in
spring (1123-1349 mg C m~2 d~!) were lower than in fall
(1865-2638 mg C m~2d~!) at St1 and St2, while similar and
lower rates (369-399 mg C m~2 d~!) were recorded at St3
during both seasons. During spring, total PP was sustained
mainly by the nano-sized fraction at St1 (52%) and by the
micro-sized fraction at St2 and St3 (70%). During fall, the
picophytoplankton largely dominated the carbon production
at St1 (65%), while most of PP at St2 and St3 were driven by
microphytoplankton (80-92%) (Fig. 3b).

Microzooplankton biomass, composition
and grazing activity

Microzooplankton biomass showed spatial and seasonal
heterogeneity (Table 1, ANOVA, p<0.01, N=18). Bio-
masses recorded during spring, at St1 (1722 mg C m™2)
and St2 (517 mg C m~?), were very low compared to those
observed in fall (3372 and 9039 mg C m_z), while at St3,
the biomass in spring (842 mg C m~2) exceeded that in fall
(393 mg C m~2). The microzooplankton community com-
position also changed between seasons and stations (Fig. 4).
During spring, the community was composed mainly by
HNF, HDino and MDino that represented 19-39, 16-31
and 34-39% of total microzooplankton biomass, respec-
tively (Fig. 4a). In all stations, HNFs were dominated by
small species (< 10 um) of Leucocryptos, and HDino were
composed essentially by species of Gyrodinium (66-90%,
Fig. 4b), while MDino were mainly represented by Proro-
centrum minimum (54-78%, Fig. 4c). In fall, MDino con-
tributed largely to the microzooplankton biomass (44-81%),
no matter the station. They were dominated by P. minimum
at Stl (84%) and by Karenia selliformis at St2 (97%), while
Gymnodinium and Heterocapsa were the main genera at St3
(67%). HDino, which contributed ~20% of microzooplank-
ton biomass, consisted primarily of Gyrodinium species at
St2 (95%), but Podolampas palmipes was dominant at Stl
(60%), while several species, such as Gyrodinium, Oxytoxum
and P. palmipes, composed the HDino at St3 (Fig. 4b).
Overall, aloricate ciliates, mainly Strombidium spp., and
tintinnids, mainly Tintinnopsis spp., contributed little to the
community (0-7 and 2-13%, respectively). Mixotrophic
nanoflagellates (MNF), which were observed only in fall,
accounted for 1-12% of microzooplankton biomass.
Grazing and consumption rates by microzooplankton for
bacterioplankton and phytoplankton size fractions varied
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significantly between seasons and stations (Table S1, Fig. 3a,
b, ANOVA, p<0.01, N=18). For each food item, consump-
tion rates tracked the variation of production rates, with sig-
nificant positive correlations between both rates (r,=0.75 for
bacteria, r,=0.97 for phytoplankton, p <0.001). For bacterio-
plankton, grazing rates and consumption rates measured in
spring did not vary so much during fall at St2 and St3, while
they largely increased at Stl (Fig. 3a, Table S1). Grazing and
consumption rates on picophytoplankton measured in St2 and
St3 were higher in spring than in fall while an inverse trend
was observed at Stl. Overall, feeding rates on nanophyto-
plankton did not vary much, but increased during spring at
Stl. Microphytoplankton was grazed at relatively lower rates
in spring than in fall (Fig. 3b, Table S1). Microzooplankton
grazing impact on BP ranged from 50 to 72% in spring and
from 35 to 50% in fall. During spring, the micrograzers daily
consumed significant proportions of PP from pico-, nano-
and micro-sized fractions at all stations (50-86, 25-78 and
50-74%, respectively). During fall, the microzooplankton
daily removed 62% of picophytoplankton production at St1 but
no more than 40% at the other stations. The microzooplankton
grazing corresponded to a daily removal of 40-62% of the
microphytoplankton production and 45-54% of the nanophy-
toplankton production.

The co-inertia analysis was applied on the two tables with
the same lines (stations and seasons) and in columns the con-
sumption rates of the different prey versus the biomass of their
potential microzooplankton grazers. These two tables pre-
sented a total co-inertia of 57%, showing a strong link between
structure of these two tables (Fig. 5). The biomasses of K. selli-
Jformis and Gyrodinium spp. were linked with the consumption
rate of microphytoplankton. Prorocentrum minimum biomass
appeared to be linked with the grazing of bacterioplankton
and picophytolankton. The consumption of nanophytoplank-
ton was linked with the biomasses of Strombidium spp. and
Leucocryptos sp. These links were confirmed by Spearman
positive correlations between the biomasses of the microzoo-
plankton taxa and the consumption rates, suggesting potential
prey-predator relationships (Fig. S2). The mixotrophic P. mini-
mum showed positive correlations with the consumption rates
of picophytoplankton and bacterioplankton (r,=0.68-0.74,
ANOVA, p<0.01). The consumption of microphytoplankton
presented a positive relationship with the MDino K. selliformis
(r,=0.74, p<0.01) and the HDino Gyrodinium spp. (r,=0.69,
p<0.05). The consumption of nanophytoplankton was posi-
tively related with the HNF Leucocryptos and the aloricate
ciliates Strombidium spp. (r=0.57-0.66, p <0.05).

Mesozooplankton abundance, composition
and grazing activity

Mesozooplankton abundance varied significantly between
seasons and stations, ranging from 1.15 to 6 10° ind m~>
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Fig.4 Composition of total
microzooplankton, het-
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in most samples, but reached high values during fall in St2
(26.83 10 ind m™>) (Table 2, ANOVA, p<0.05, N=18).
Copepods were dominant (83-97% of total abundance)
and included mostly herbivorous calanoida (27.8-94.5%,
mainly Calanus, Centropages and Acartia) and cyclopoida
(2.4-33.3%, mainly Cyclopina). The exception was Stl in
fall, where the detritivorious Euterpina acutifrons (har-
pacticoida; Greve et al. 2004) contributed 53% of copepod
abundance.

Grazing rates by mesozooplankton on phytoplankton,
which varied over seasons and stations (Table 2, ANOVA,
p<0.01, N=18), were positively correlated with the

St3 sn ’ St2 ’ o

Fall

production rates of both nano- and micro-sized fractions
(ry=0.66-0.75; p<0.01). During spring, higher graz-
ing rates were recorded at Stl and St2 compared to St3.
Mesozooplankton removed 13-15% of PP and 14-56% of
standing crop daily. During fall, mesozooplankton grazing
strongly increased at St2, reaching higher rates relatively
to other stations. Mesozooplankton only consumed 7% Chl
ad™'and 4% P d~' at St1. However, higher impact was
observed at St3 (12% P grazed d~' and 42% Chl a grazed
d™!) and the highest was observed at St2 (25% P grazed
d='and 70% Chl a grazed d~").
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Fig.5 Plot of a co-inertia analysis: projection of the principal axes of
the two tables. One table is the consumption rates of preys per station
and season, the second the biomass of micrograzers per station and

Mesozooplankton predation on microzooplankton was
significantly different between seasons (ANOVA, p <0.01).
Similar feeding rates were determined at all stations during
spring (324 — 395 mg C m~2 d~!), while during fall, meso-
zooplankton showed higher predation on microzooplankton
at St1 (525-787 mg C m~2 d~!) compared to St2 and St3
(150-393 mg C m~—2d™").

Exportation of carbon

During spring, the rate of carbon potentially transferred to
higher consumers in all stations varied from 52 to 214 mg
C m~2 47", which represented 11-22% of PP. The rate of
carbon sedimentation could reach 92-539 mg C m~24d7!,
representing 25-40% of PP. During fall, 6-13% of PP, cor-
responding to 175-350 mg C m~2 d~!, could be provided
to higher consumers in Stl, while higher fraction of PP
(12-25%) was potentially available for predators in St2 and
St3. Similarly, the rate of sedimentation in St1 (490 mg C
m2d" represented a lower fraction of PP (18%) than in
St2 and St3 (26-37%; 107-690 mg C m~> d").
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Discussion

Trophic condition, productivity and microbial
community

The Gulf of Gabes was characterised by eutrophic condi-
tions. Indeed, high nutrient concentrations were recorded
during all sampling periods (Table 1), particularly for
PO,*” (0.37-1.97 uM), which exceeded those generally
reported for other Mediterranean coastal waters, such as
the Gulf of Lion (0.06-0.12 uM) and Lagoons of Thau
(0.18 uM) or Mar Menor (0.09-0.23 uM) (Ross et al. 2016;
Courboulés et al. 2021; Mercado et al. 2021). Chl a concen-
trations measured during the study (3.7-16.9 mg m~>) were
in the range of those found in eutrophic coastal waters, such
as the Gulf of Trieste (0.4-5.9 mg m~>), Bizerte Lagoon
(2.2-8.8 mg m_3) and Thau Lagoon (0.4-5.4 mg m_3)
(Fonda Umani and Beran 2003; Bec et al. 2005; Meddeb
et al. 2018). The size structure of phytoplankton confirms
the eutrophic characters of the study site, since large phy-
toplankton (>2 um cells: nano- and micro-sized fractions)
dominated the Chl a (60-75%), carbon biomass (87-92%)
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Table 2 Abundances, composition, grazing rates and grazing impact of mesozooplankton and microzooplankton in the study stations during the

spring and fall 2017
Spring Fall
Stl St2 St3 Stl St2 St3
Abundance (10% ind m™)
Mesozooplankton 6.00+1.12 2.25+0.43 5.07+0.50 376 +1.12 32.03+3.67 1.15+0.61
Copepods 5.43+1.06 2.17+0.40 4.91+0.42 3.59+1.04 26.80+1.76 1.02+0.50
% Total abundance
Copepods 92.97+0.25 96.44 +0.55 96.82+0.47 93.97+2.14 82.57+1.57 90.39+5.27
Others 7.03+0.25 3.56+0.55 3.18+0.47 6.03+2.14 17.43+1.57 9.61+5.27
% Copepods abundance
Calanoida 72.99+0.26 94.47+2.15 75.23+1.00 27.83+12.75 79.36+1.32 31.80+0.31
Acartia 4.55+0.49 65.31+3.00 6.12+1.30 3.83+1.50 15.10+2.92 9.35+8.87
Calanus 50.08 +1.49 3.00+0.34 65.75+1.20 9.96+11.14 27.48+0.77 18.56 +8.57
Centropages 13.03+1.17 n.o 0.97+0.28 n.o 34.93+2.21 n.o
Eucalanus 1.87+0.02 1.67+0.33 0.40+0.60 n.o 0.18+0.12 n.o
Isias n.o n.o 0.41+0.16 n.o n.o n.o
Paracalanus 0.90+0.81 19.23+0.34 0.26+0.36 14.04+0.07 n.o n.o
Phaenna 0.69+0.06 2.33+0.30 0.54+0.34 n.o n.o n.o
Microcalanus 0.53+0.29 1.33+0.36 0.52+0.74 n.o 0.32+0.04 n.o
Temora 1.34+0.53 1.60+0.46 0.26+0.37 n.o 1.35+£0.55 3.89+3.33
Cyclopoida 23.00+0.75 2.43+1.36 7.77+0.73 9.17+0.88 2.71+1.28 33.34+4.79
Cyclopina 16.41+2.42 0.83+0.17 5.82+0.89 6.56+1.11 2.26+0.49 31.01+0.34
Oithona 6.59+1.08 1.60+0.46 1.95+0.56 2.61+0.23 0.45+0.23 233+1.12
Harpacticoida 1.59+0.87 3.24+0.80 16.31+1.91 57.55+5.62 15.24+0.42 33324292
Euterpina 1.59+0.87 1.00+0.30 10.33+0.09 52.79+15.81 5.51+1.65 21.71+0.24
Harpacticus n.o 2.50+0.50 545+1.48 4.58+0.05 9.36+1.51 8.51+3.20
Tegastidae n.o n.o n.o 0.17+0.25 n.o n.o
Stylicletodes n.o n.o 0.54+0.34 n.o 0.37+0.28 3.10+0.03
Copepodites 2.36+0.13 n.o 0.70+0.25 546+2.17 2.71+0.47 1.54+2.18
Mesozoo. grazing rates (mg ~ 145.45+35.05 177.13+2.39 41.32+14.31 45.58+10.98 432.35+26.69 47.83+5.75
Cm™2d™
Mesozoo grazing impact
%P grazed d~! 15.13 £3.05 14.97+1.07 12.97 +£5.64 4.69+1.60 25.00+0.54 12.40+1.24
% Chl a grazed d~! 14.00+3.36 56.00+1.02 27.50+£13.47 722+1.74 70.48 +£6.15 42.00+5.00
Microzoo grazing impact
%P grazed d~! 68.87+2.72 45.57+6.88 62.27+5.35 55.55+5.46 39.24+4.21 60.55+7.54

n.o not observed, N=18

and primary production (84-96%) during the sampling
campaign.

Our study provided the first estimation of PP rates in the
Gulf of Gabes, based on the growth rates determined from
the dilution experiments, as already performed in other envi-
ronments (Moigis and Gocke 2003; Sakka Hlaili et al. 2008;
Meddeb et al. 2018; Dokulil and Qian 2021). Nutrients were
not added into our dilution bottles since we assumed that
N and P were available in the Gulf year-round (Bel Hassen
et al. 2008, 2009). Furthermore, several authors found that
nutrients have no effect of phytoplankton growth during the
dilution experiments when conducted in eutrophic systems

(Sakka Hlaili et al. 2007; Pecqueur et al. 2022). Our growth
rate estimates were in the range of rates measured from the
dilution experiments (with or without nutrient additions) in
other coastal waters (Bec et al. 2005; Griniené et al. 2016).
Overall, our PP rates (369-2638 mg m~2 d) (Fonda Umani
and Beran 2003") were high and comparable with estimates
from the dilution method in coastal environments, such
as in the Gironde Estuary (525-746 mg C m~2 d™'; Saut-
our et al. 2000), the Rhode River Estuary, the Kiel Fjord
(701-1008 mg C m~ d™!; Moigis and Gocke 2003) and
the Bizerte Lagoon (435-1779 mg C m™ d™!; Grami et al.
2008). The high trophic conditions and the high productivity
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of the Gulf associated with the nutrient availability disa-
grees with the well-known Eastern Mediterranean Basin oli-
gotrophy. This suggests that the singularity of this coastal
ecosystem has been subjected to various influences from
anthropogenic sources and Saharan dust, which may con-
tribute to the nutrient enrichment of the Gulf (Drira et al.
2009; Hamza et al. 2016; Khammeri et al. 2018). Bacterial
production rates were also high and closely associated to
PP rates (r,=0.783, p <0.01), suggesting a tight coupling
between BP and PP. This is expected since most carbon
needed by bacterioplankton is provided by phytoplankton
exudates (Duarte and Agusti 2005; Ning et al. 2005). Our
estimates of bacterial growth (0.82-2.5 d™!) and production
rates (128-1337 mg C m~2 d~') were in the upper range
reported for other coastal areas (Vargas et al. 2007; Grami
et al. 2008; Courboules et al. 2021; Pecqueur et al. 2022).

Total Chl a, PP and BP were generally lower in spring
than fall, which could be related to the different nutrient
conditions between both seasons (Table 1; Fig. 3a, b).
Indeed, the fall was characterised by higher concentrations
of N-nutrients and more suitable nutrient conditions for phy-
toplankton proliferation (i.e. N:P ~16). The sampling sta-
tions were located in shallow areas (maximal depth < 15 m),
where turbulent vertical mixing was important due to the
tide dynamics (Sammari et al. 2006) and also to the wind
forcing known to be particularly active during this season,
leading to sediment re-suspension and nutrient release. Dur-
ing fall, this ecosystem was shown to be particularly rich
with organic matter and remineralising heterotrophic bac-
teria (Quéméneur et al. 2020), which constitute potential
sources of regenerated nutrients.

The large phytoplankton displayed a clear variation in
species composition between spring and fall (Table 1). The
most important change concerned the contribution of large
micro-sized diatoms (such as Lithodesmium undulatum,
Dactyliosolen fragilissimus and Licmophora flabellate),
which were generally more abundant during spring than in
fall, as was previously reported in the Gulf (Bel Hassen et al.
2008). The spring abundance of large diatoms is likely a
common feature of the coastal Mediterranean waters, as in
the Lagoon of Bizerte, Gulf of Naples and Gulf of Lions
(d’Alcala et al. 2004; Meddeb et al. 2018; Leblanc et al.
2018).

A spatial heterogeneity in the phytoplankton community
structure was pointed out mainly during fall. At this period,
Stl was clearly distinguished from other stations with a
picophytoplankton having the highest contribution to Chl a
and PP (65%) and very high growth rate (2.9 d~!) and bio-
mass (320 mg C m~2), coinciding with a high dominance of
Synechococcus (Table 1; Fig. 3b). This station is located in
a region where recurrent cyanobacteria blooms have been
reported, which correlates with the high N-nutrient accu-
mulations from Saharan dust (Hamza et al. 2016). In our
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study, Synechococcus biomass showed a positive correla-
tion with inorganic N (r,=0.477, p <0.05), confirming the
general trend observed in other Mediterranean areas where
Synechococcus was abundant in nutrient-rich and well-
mixed waters (éantié et al. 2011; Quéméneur et al. 2020).
Our findings highlight that small phytoplankton (<2 um)
play an important functional role in the South Mediterranean
system that is characterised by high trophic conditions. St 3
was distinguished by low biomass and PP during both sea-
sons (Table 1; Fig. 3b), probably because of lower N and P
nutrient concentrations than in the other stations (Table 1).
Furthermore, St3 is located within an area that is strongly
impacted by heavy metals released from the chemical indus-
try (Fig. 1), which could affect the phytoplankton metabo-
lism and physiology (Liu et al. 2017; Deng et al. 2020),
causing a decrease in growth rates for all size fractions
(Table S1) and hence a decrease in phytoplankton biomass
and production.

Ecological role of microzooplankton

The ecological role of microzooplankton has been scarcely
reported for the South Mediterranean systems (Sakka
Hlaili et al. 2007; Meddeb et al. 2018), and little is known
about its contribution to the functioning of the Gulf of
Gabes. During our study, microzooplankton reached a
high biomass (Table 1) that exceeded estimates reported
for other coastal regions (Vargas et al. 2007; Sakka Hlaili
et al. 2008; Calbet et al. 2012), suggesting that micro-
zooplankton could be a major grazer in the Gulf. The
grazing rates for different phytoplankton size fractions
ranged between 0.14 and 1.9 d~!, which compares with
estimates reported for fractioned phytoplankton from
dilution method in others coastal regions, such as Chesa-
peake Bay (0.41-1.92 d~!), Curonian Lagoon (1.52-1.83
d~!) and Thau Lagoon (0.2-0.6 d~') (Sun et al. 2007;
Griniené et al. 2016; Pecqueur et al. 2022). Grazing rates
for bacterioplankton (0.53 and 1.7 d™!) were also consist-
ent with values reported by other studies using the dilu-
tion technique (Courboules et al. 2021; Pecqueur et al.
2022). The grazing rates could be overestimated in the
dilution experiment without nutrients if phytoplankton
growth was limited (Landry and Hassett 1982). During our
study, nutrients were not added, but as discussed before,
the phytoplankton growth was kept in suitable nutrient
condition during our experiment. The grazing impact of
microzooplankton on total phytoplankton estimated in
our study (39-68% P grazed d~!) was within the ranges
of the values (> 60% of PP) reported for several coastal
ecosystems (Aberle et al. 2007; Calbet 2008; Aytan et al.
2018), but higher than those reported for some near shore
waters (<40%; Meddeb et al. 2018). During our work,
microzooplankton displayed a higher top-down control on
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total phytoplankton than mesozooplankton, which grazed
only ~5-25% P d~! (Table 4). Our results reinforce the
idea that protozoan organisms are the most important graz-
ers in various marine environments (Calbet and Landry
2004; Vargas et al. 2007; Meddeb et al. 2018; Romano
et al. 2021).

The grazing activity of microzooplankton varied sig-
nificantly between seasons and stations (Table S1; Fig. 3a,
b), likely in response to the variation in the growth of prey
(Gentleman et al. 2003; Sandhu et al. 2019). The consump-
tion rate of each prey was indeed positively correlated to
its production rate (r=0.75-0.97, p<0.001). Changes
in the microzooplankton community structure can also
largely influence the grazing activity, as different protozoan
groups have selective feeding (Takashi and Satoshi 2001).
In spring, microzooplankton showed similar compositions
(Fig. 4) and exerted similar grazing pressure on each prey
between stations. They consumed significant proportions of
picophytoplankton and bacterial production whatever the
station (50-72 and 50-82%, respectively). The consump-
tion of these pico-sized prey may be assigned to the HNF
(Calbet and Landry 2004; Berglund et al. 2007), which were
an important component of microzooplankton in spring
(20-40%, Fig. 4a) and to the dominant MDino P. minimum
(54-78%, Fig. 4c), which is known to feed on very small
preys (Jeong et al. 2005, 2010). Potential prey-predator rela-
tionships between bacterioplankton or picophytoplankton
and P. minimum were shown by co-inertia and Spearman
correlation analyses (Fig. 5, Fig. S2). Nanophytoplank-
ton was also under significant grazing pressure (25-78%
P grazed d™"), which seemed due to aloricate ciliates (i.e.
Strombidium spp.) and HNF (i.e. Leucocryptos sp.) (Figs. 5,
S2), as reported in other marine systems (Simek et al. 1995;
2000; Sato et al. 2007). Microphytoplankton (Figs. 5, S2),
which was under high grazing control by microzooplankton
(50-74% P grazed d=!), seemed to be mainly controlled by
the HDino Gyrodinium spp. (Figs. 5, S2), which are known
as diatom consumers (Saito et al. 2006; Jeong et al. 2010).
In fall at St1, P. minimum was dominant and Gyrodinium
decreased in detriment of small diatom consumers, such as
Oxytoxum and Podolampas (Fig. 4a) (Gomes et al. 2007,
Girault et al. 2013; Kase et al. 2021). Therefore, bacterio-
and picophytoplankton were largely grazed (>50% P grazed
d~1), while microphytoplankton was under low grazing pres-
sure (40% P grazed d™'). Conversely, the pico-sized prey
were weakly exploited (<40% P grazed d~') at St2 and
St3, where microbivorous consumers (such as P. minimum
and HNF) were scarce. The microphytoplankton at both
stations was however under substantial control by micro-
zooplankton (40-62% P grazed d™), since Gyrodinium spp.
were well represented and the MDino K. selliformis, which
also appeared as a potential grazer of microphytoplankton
(Figs. 5, S2), was dominant at St2.

Ecological role of mesozooplankton

During all the samplings, the mesozooplankton were clearly
dominated by copepods (83-97%, Table 2), as previously
reported in the Gulf of Gabes (Drira et al. 2014, 2017;
Makhlouf Belkahia et al. 2021) and in other Mediterranean
regions (Fonda Umani et al. 2003; Sakka Hlaili et al. 2008;
Siokou Frangou et al. 2010; Ben Lamine et al. 2015). Our
sampling was carried out during the day, when mesozoo-
plankton is concentrated at the bottom of the water column
and expected to have a low feeding rate compared to the
night. Despite this, mesozooplankton grazing impacts found
in our study (7 and 70% of Chl a d~! and from 5 to 25% of P
d~!) were in the range of estimates from gut content method
in other coastal waters from the Mediterranean (8 and 30%
of PP in the Bay of Bizerte; Meddeb et al. 2018) or from
other oceanic regions (5 to 40% of P in coastal waters off
Plymouth, SW England; Bautista and Harris 1992 and in
Gironde estuary; Sautour et al. 2000).

The spatial and seasonal variation in mesozooplankton
grazing pressure was linked to the change in the availability
and size structure of phytoplankton, which may significantly
affect the feeding of copepods (Almeda et al. 2011; Bi and
Sommer 2020). This was confirmed by the positive correla-
tion (r=0.66-0.75, p <0.01) between the consumption rate
by mesozooplankton and the production of the nano- and
microphytplankton, which are known as their potential prey
(Chen et al. 2017; Feng et al. 2020). Moreover, feeding rates
of mesozooplankton were maximal when micro-sized frac-
tion showed the highest contribution to the Chl a biomass
and minimal in case of dominance by picophytoplankton,
which is not suitable prey for copepods (Berggreen et al.
1988; Morales et al. 1993). Change in the composition of
the mesozooplankton community was another factor of the
variation in its grazing rate. Detritivorous copepods (i.e.
Euterpina acutifrons) were very abundant at St1 during fall
(53% of copepods, Table 2), when the lowest grazing effect
of mesozooplankton was recorded. Conversely, herbivorous
calanoida (such as Acartia, Calanus, Paracalanus, Euca-
lanus and Centropages) were preponderant during the other
samplings, reaching very high abundance at St2 during fall,
where the highest impact of grazing pressure was observed
(Table 2).

Food web structure and carbon transfer

The fate of the primary production and the efficiency of
the carbon transfer depend largely on the food web struc-
ture (Legendre and Rassoulzadegan 1995; Thompson et al.
2012). Thus, determining the typology of PFW is central,
particularly in the highly productive coastal areas, which are
of socio-economic importance, such as the Gulf of Gabes.
Figure 6 presents simplified conceptual PFW for each season

@ Springer



61 Page 16 of 22

K. Mejri Kousri et al.

at the three stations, including planktonic compartments
with their production rates and trophic links.

During spring, the PFW at all stations was mainly fueled
by the production of >2 um phytoplankton, which was
dominated by micro-sized diatoms and also formed a sub-
stantial proportion of Chl a. The picophytoplankton contrib-
uted ~ 15% of PP and 33-40% of Chl a. BP reached 50-83%
of PP at most stations and could supply a large amount of
carbon into the food web. The high microzooplankton graz-
ing on all food items participated actively in the carbon
transfer through the PFW. The dominant herbivorous copep-
ods have relatively important grazing on>2 um phytoplank-
ton (13-15% P d™!). The production of microzooplankton
(324-395 mg C m~2 d~!) can supply a portion of carbon to
mesozooplankton. Finally, the production of mesozooplank-
ton (52-214 mg C m~2 d~!) was then available to higher
pelagic consumers. The diagrams of the trophic interactions

Spring

(a) Multivorous pathway (Stl — St2 — St3)

Transfer to higher consumers
] 52214 (11-22% of PP)
G'z=324 - 305 | Hetbivorous copepods | -, o,
4 \ N 3-15%
‘ VY 13
Ticrozooplankion G=172-503 Phytoplankton

50-740 p 248-1051
50-74%
Microphyt.

EERVA

368-1348
MDino

HNF ~

Sedimentation 92— 539 (25 -40% of PP)

Fig.6 Conceptual trophic pathways proposed for the study stations
during the spring and fall 2017. Primary production (PP), bacterial
production (BP), consumption by microzooplankton (G) and meso-
zooplankton (G’) are expressed in mg C m~> d~!. Percentages given
with arrows represent the fractions of PP or BP consumed per day.
Widths and type of arrows (dashed or solid) indicate magnitude of
carbon rate (solid arrows with large width indicate a strong magni-
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showed that the microbivory and herbivory of zooplankton
act together in channeling biogenic carbon that was pro-
duced by small and large phytoplankton (Fig. 6a), suggesting
that multivorous food webs may play a major role during
spring at all stations (Legendre and Rassoulzadegan 1995).
Our results are different from the traditional view, stipulat-
ing that the herbivorous pathway usually prevails during the
spring with the dominance of large diatoms. Nevertheless,
Meddeb et al. (2018) have recently observed a multivorous
food web in a coastal Mediterranean Lagoon in spring, when
diatoms were dominant.

Unlike spring, different PFWs were observed during fall.
The PFW at Stl mainly relied on the high production of
picophytoplankton and bacterioplankton. The small micro-
bivorous microzooplankton play a key role in carbon trans-
fer, since herbivorous protozoans and metazoans were scare
and showed low grazing impact on large phytoplankton

(b) Microbivorous pathway (Stl) Fall
Transfer to higher consumers
| [T
Gz=525-787 | "
| "-’ ‘(’ % [ %
Microzooplankton Phytoplankton
HDino G=373 889
e e e
. '....2._,,._' /

MDino

Aloricates.

p 1645

1336

[ Sedimentation 490 (18% of PP)
v

(c) Herbivorous pathway (St2-St3)

Transfer to higher consumers

49-420 (12 - 25% of PP)

He
G'z= 150 - 393 G'=47-432
12 % —25%
Microzooplankton Phytoplankton

HDino

365-1484

{ Microphyt. |

PP
397-1862

_\.lnnph\ t

316 379-900

Sedimentation 107—-690 (26 -37% of PP)

tude of carbon rate; dashed arrows with small width indicate a small
magnitude of carbon rate). The thickness of phytoplankton boxes is
proportional to the production rate (P) of each size fraction (wide
line=high rate, less wide line=moderate rate, dashed line=Ilow
rate). The thickness of microzooplankton boxes is proportional to
the abundance of the protozoan group (solid line=abundant group,
dashed line =scarce group)
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(Fig. 6b). This suggests that the microbial pathway was
dominant (Legendre and Rassoulzadegan 1995). This situ-
ation corroborates with other findings of microbial carbon
pathways in eutrophic coastal regions (Grami et al. 2008;
Pecqueur et al. 2011; Viiias et al. 2013; Paklar et al. 2020).
In contrast, the herbivorous pathway seemed to dominate at
St2 and St3 (Fig. 6¢), where diatoms were abundant and the
microphytoplankton contributed the most to PP (80-92%).
The biogenic carbon was mainly channeled by the herbivo-
rous microzooplankton and mesozooplankton. The herbivo-
rous pathway was also reported during fall in other Mediter-
ranean areas, such as the Catalan Sea (Calbet et al. 1996) and
the Southwestern Mediterranean Sea (Meddeb et al. 2018).

The seasonal and spatial changes in the PFW structure
suggest that the biogenic carbon would be channeled to
higher consumers with a different efficiencies. A signifi-
cant proportion of PP could be available to higher pelagic
consumers during spring (11-22% at all stations) and fall
(12-25% at St2 and St3), when multivorous and herbivorous
pathways were prevailing (Fig. 6a, c). In both food webs, a
significant fraction of PP (>25%) could also be potentially
exported through the sedimentation of large phytoplankton
and/or faecal pellets of mesozooplankton. These particles
have an important nutritional value, particularly for herbivo-
rous copepods (Dagg et al. 2014), and therefore could fuel
the benthic food web by participating in the exportation of
PP. This agrees with previous studies showing that PP is
efficiently exported throughout herbivorous and multivorous
food webs (Legendre and Rassoulzadegan 1995; Meddeb
et al. 2019). Conversely, in microbial food webs, most of
the carbon is recycled and inefficiently transferred to higher
trophic levels (Legendre and Rassoulzadegan 1995; Decem-
brini et al. 2009). This is consistent with the microbial path-
way observed at St1 during fall, which provided only 6-13%
of PP to higher consumers and where 18% of PP were poten-
tially exported through sedimentation (Fig. 6b). However,
considering the high PP at St1 during fall (mainly from pico-
phytoplankton) and the high feeding of microzooplankton, a
large amount of carbon was channeled to mesozooplankton
and then to higher consumers (175-350 mg C m~2d~"). This
quantity of carbon, although it only represented 6-13% of
PP at Stl1, did not differ so much from the amount of carbon
exported via the herbivorous food web at St2 and St3 during
the same season (49—420 mg C m~2 d™"). Our results reaf-
firm the crucial role of microzooplankton (including hetero-
trophic and mixotrophic organisms) in channeling carbon
when mesozooplankton have low herbivorous activity and
suggest that carbon channeled by the microbial food web
may be considerably consistent, particularly in highly pro-
ductive coastal regions. Further modelling studies should be
performed while considering all planktonic processes (pro-
duction, respiration excretion, DOC loss, sinking, etc.) to
accurately establish the carbon budget in these productive

waters, where PP might be exported by other complex
trophic pathways.

Conclusion

Our study investigated trophic interactions in the Gulf of
Gabes to provide the first description of the PFW in the
Southeastern Mediterranean area, where studies in marine
food webs are still scarce. Despite the high productivity of
the Gulf, different PEFWs were observed, and the herbivo-
rous food web was not observed during the spring diatom
dominance, as is generally reported. The microzooplank-
ton had the most important functional role in all the trophic
pathways. The heterotrophic and mixotrophic protozoans,
by having a broad prey size spectrum and various feeding
behaviours, were able to remove substantial proportions of
BP and PP from all size fractions and therefore participated
actively in the carbon transfer. The shift of the PFW between
seasons and stations was clearly related to the changes in
the planktonic communities, whose spatial and seasonal
dynamics are related to hydrodynamic and trophic features.
The station influenced by the chemical loadings, even with
low productivity, presented a PFW similar to those of the
other stations with the same carbon transfer efficiency. This
indicates that despite the potential chemical contamination,
the trophic functioning was not modified, probably because
of the buffer role of the hydrodynamics against pollutants.
Further research is needed to assess the influence of chemi-
cal contamination coupled with the hydrodynamic features
on the structure and functioning of planktonic food webs in
these highly productive waters.
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