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Abstract.

Lagoons and @stal marine zoneare very productive and useful ecosystems, but ey
threatened by the effects of global change and anthropogenic pre3sws=effectshavea
negativeimpacton the zooplanktarweakening its function of phytoplankton consuntead-

ing to uncontrolled proliferation of microalgaedase ofeutrophi@tion In this study we test

the hypothesis that tidal exchanges with the sea can counteract these deleterious effect, by re-
newing the zooplankton community and by enhandistpp-down control of phytoplankton
through selective rention of zooplankton graze®ur study focusedn thesouthern region

of the Gulf of Gabes antthe Boughrara lagoomvhich presergthe highestidal range inthe
MediterraneanDuring two field campaigns (October 2016 and April 2017) we lzanadyzed
zooplanktordescriptive (taonomic composition, abundanckiomas$ and functional (inges-

tion rate, grazing pressure) variables angironmentalariablesduring timeseries at fixed

station duringebbflood sequences anat 8 stations along a ségoon transect and during
different tidalamplitudeperiods Multivariate analyssof both environmental parameters and
zooplankton taxa showed the existence of three distinct zones along-thgasatransect, but

also the influence of tidal circulation and water mixing on teeewalof thezooplankton com-
munity up to the innermost zones of the lagoon. Time series gave clear patterns for the in-
put/output of marine/lagoon species and show a net import for different taxa d@hd fotal
zooplankton abundance and biomésgan flood/ebb ratio = 2.2 for the total abundance and

2.4 for the biomass)eadingto differential retention of zooplankton in the lagoamd to an



increasdn the potential grazing pressure on phytoplanktaean flood/ebb ratio 2.8). We

also estimated that the grazing pressure in the lagoon was twice higher during the periods of
high tidal amplitudegat or close to spring tidepmpared to pericdvith low amplitude(neap

tides) clearly showing that the retention of zooplankton significantly increasegdhing im-

pact on phytoplanktarmhese results highlight the importance of the tidal forcing for maintain-

ing the good status of the zooplankton structure and function in strarghyropized coastal

and lagoon ecosystems.

FKeywords: Metazooplankton, lagoon, abundangemassdiversity,grazing pressunghys-

ical forcing, tidal transport.

Highlights

Tidal circulation is a major forcing for coastal and lagoon ecosystems.
Tidal forcing maintains zooplankton diversity and community structure
Tidal exchanges witthesea drive selective retention of zooplankton
Zooplankton retention increases grazing impact on phytoplankton

Tidal circulation may limit anthropization effects.

1.Introduction
Lagoons and astal marine zones are both of great importance and high vulnerability at the
same time. They are considered as hotspots for biodiversity and are among the most productive
ecosystems in the wor(@oudouresque?2004 Basseet al, 2013. They play a key role in the
biogeochemical cycles and have a major economic impact through the goods and services they
provide (fishing, aquaculture, tourism, etc.). However, their biodiversity and their ecological
functioning are threatened bya effects of global change and anthropogenic pressures causing
degradation of the biotopes and the biocen@sisnp and Boynton 2012For example, in-
creased anthropogenic activities may accelerate the eutrophication process leading to dys-
trophic crises ad/or irreversible deterioratigiartoli et al.,2001)
Due to their rapid response to fluctuatigysical and chemicalonditions, plankton commu-
nities are often used as bioindicators for ecological cteaingdese aquatic systenamen-
guakMorro etal., 2012; Hemragt al, 2017) In particulardue to its key position in the food

webs, zooplanktoronstitutes a sensitive tool for monitoring environmental cha(igés et
2
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al., 2009; Hussairet al., 2020. Zooplanktoncomprise larval stages of benthic and pelagic

species of high ecological and commercial inteaestis particularlyabundant ircoastal and
lagoon systemdAs themainconsumenf phytoplanktonit constitutes a key factor for control-

ling proliferation of microajae andleleterious effects of eutrophicatiori¢sik et al, 2009).

To better analyze the structure and functioning of these ecosystems, to predict, to anticipate and
to manage any ecological issues, it is therefore essential to understand the combined effects of
natural and anthropogenic forcing and drivers on zooplantdenmunities

This was the main issue of the COZOMBIERMEX project(20142018)that was designed

to understanavhetherlocal physical forcing (including the tide and associated currents) can
mitigate the impacts of human disturbance on the structure fandtioning of planktonic
coastal ecosystems. In particular, we have tested the hypothesis that tidal circulatida helps
controlthe eutrophication through (i) the dilution of the nutritional inputs (bottipneontrol)

and (ii) retention/accumulation a@ooplankton enhancing tlggazing pressure on phytoplank-

ton (topdown control) We hypothesize that ihightidal amplituderegions responses of zoo-
plankton tatidal effects shoulthe considered as a major resilience factor of coastal and lagoon
ecosystems against the negative effects of pollution and eutrophication togetliee stiiltly
physical effecof tides (dilution linked to increasedater turnoverate;Chevalieret al, 2017).
According to this hypothesis, the areas under strong tidal influence would be less vulnerable to
eutrophication than others.

Retention of zooplankton in such coastal zones is linked to their behavioral responses to tidal
currents such as swimmiragainst the flow, downward migration to the low current region
and/or active substrate attachmehitqredge and Hamner, 1980; Gerenhal.,2005; Leichter

et al.,2013. Tidal currents may also have a positive impact on the irgqrdrt dynamics of
zoogdankton and thus on the renewal of its commundied the maintaining of its biodiversity

The COZOMEDMERMEX project was focused oa Mediterranean coastal ecosystem
(Boughrara lagoontGulf of Gabes, Tunisiayhich has the highest tidal range in the Mediter-
ranean Sea (maximum >2rithis emblematic ecosystgmnovides many ecgystemic services
(around 65% of national fishing activitiedgspite verystrong anthropogenic pressure (urban,
industrial and agricultal), demonstratinga high resiliencecapacity(Bejaoui et al, 2019.

Thus wemaywonder about the direct (egjlution) or indirect (zooplankton retention) roles of



the tidal hydrodynamics on the high resilience capacity of this ecosyBteuouslypublished

results fromthe COZOMED-MERMEX projecthaveshown the importance of the hydrody-
namics in driving certain important ecological features of the Boughrara lagoon: heterogeneous
water renewal between zonésgtpui et al.,2020, control of the salinityevel inside the lagoon
compensating high evaporatiddg Ismailet al.,2017), accumulation of organic matter inside

the lagoon & L J O H& &.[PRA0), control of toxic algal blooms through control of the distri-
bution of dinoflagellate cysts\bdelmoueh et al.,2020).

Only few studies have been conducted on zooplankton patterns of distribution and community
structure in this region. The first investigation on Boughrara and the southern Gulf of Gabes
zooplankton was carried out by Daly Yahia and Roam#i1994and1996)on the diversity

and dynamics of the zooplankton communBgfore the renovation of the historic Roman
causeway, Daly Yahia and Daly YaH{&fi (2003) showed that th&oughrara lagoomlis-

played very highdensitiesof phyto- and zooplankton linketb high water temperature and
salinity (comparable tsubtropical valugsandhigh nutrient concentrations, particularly ortho-
phosphatessharacteristic odn eutrophic regiarMore recently, Driraet al.(2010) focused on

the driving factors of the copepod community structure in the Gulf of Gslii@sing the good
adaptation oDithona nanao high salinity and dlorophyll concentrationgdowever theeffect

of the tideon the zooplankto has never been investigated

In thisstudy, we focus on the spatial and timariability of zooplankton under contrasted tidal
conditions We aimto assess the impact of tidal currentstios distribution patterns arttie
retentionof zooplanktorto test the hypothesihat these processasay helpin limiting the
anthropization effects artdeecosystem resiliendarough maintaining the zooplankton biodi-
versity and favouring the control of phytoplankton proliferation



2 Methods
2.1 Study site
The Gulf of Gabesgs themarine region which hase highest tidal range in the Mediterranean
Sea (maximum >2m) essentially due to the low slope of the continental shelf and the shallow
depth, which maintains its horizontal dimensions close to the resonance coritiifionu(et
al., 2019. The tidal infuence is particularly high in the south of the Gulf and in the Boughrara
lagoon Othmaniet al.,2017. The Gulf of Gabes is also highly productive and constitutes a
paradox in thé&astern Mediterranedrasin, which is known to be oligotrophiégrmanetal.,

' 2UWHQ]LR DQG GY1$0 FDebal.,2010; K¥be) a0 mKRaBed on
complementary biogeochemical and plankton criteria synthesized from recent regionalization
analyses by\yataet al.(2018), theGulf of Gabeswas recently idetified as one of the eleven
consensus ecoregions of the Mediterranean and classified as a shallow and phytoplankton
bloom region. Linked to this planktonic richness, this area is an important nursery for several
fish speciesochedet al.,2015; Enajjaret al.,2015 and contributes approximately 40% of
the national fish production in Tunisi@GPA, 2019. However, this singular and economically
importantregionwas recently identified as'laotspot of anthropogenic pressureésgygondeau
et al, 2017), stronglythreatened by industrialization, particularly discharges from lacgée
phosphate production plants, and overfishing, bgtbtentially causing ecosystem
disequilibrium and the decline of fish resourceésjfouiet al.,2019.

The Boughrara lagm (33.35°N, 10.50°E) is a large (500%rand shallow (average depth



about 5m) basin located in the southwest part of the Gulf of Gabes (Fig. 1). It receives
freshwater inputs from small intermittent rivékgadis) and communicates with the Gulf of
Gabeghrough the AjimJorf channel and with the open Eastern Mediterranean Sea through a
12 m pass under a Roman causeway linking Djerba Island to the confihenpasswas
created in 2007 to promote water exchanges with the sea and water circulatiotagotme

and to make easier water oxygenation and greater mixing of the enviroftenat etal.,

2012). The tide is semdiurnal with mean amplitude of 31 cm at neap tide and 73 cm at spring
tide (Othmaniet al.,2017). Due to low freshwater inputs andyh evaporation, the salinity of

the lagoon is higher than in the surrounding sea, reaching values up to 43.6 in the central part
of the lagoon and 50.9 at coastal stations, especially during the summer Sedgofafiiaet

al., 1994; Ben Aouret al.,2007).

2.2 Sampling strategy

Sampling was carried out during two campaigns within the frame of the COZOMED project:
4-13 October, 2016 (COZOMED 1); 114 April 2017 (COZOMED 2), both periods matching
strong tidal conditions due to the proximity to equinox periods.

The tidal situatiorfwater height) corresponding to the different samplings is shown in Fig. 2.
Sampling was performed in October 2016 and April 2017 at 8 stations: two stations in the
marine coastal zone (st 1, 12m depth and st 2, 8m depth), one station in thlodjohanel

(st 3, 11m depthpne station in the lagoon close to the entrance of the channel (st4, 10m depth),
three stations in the central part of the lagoon (st 5 and st 6, 14m depth, and st 7, 3 m depth) and
one station in the eastern part of the lagoonectosthe Roman causeway and the pass
communicatingwith the open Mediterranean sea (st 8, 2m depthDdtober 206, these

stations were sampled three times to assess spatial variations in three contrasted tidal periods:
(1) 45 October, with high tlal amplitude (mean = 0.58m) immediately following spring tide
conditions (period called HA), (2)-8 October with low amplitude (0.22 m) during neap tide

(LA) and (3) 1212 October with medium amplitude (0.38 m) after neap tide (MA). Station 8
located ina very shallow area§ low aslm depth in low water period) was sampled only once

on October 5, but was abandoned afterwards due to navigation problems linked to the
shallowness. In April 2017, stations 1 to 7 were sampled one&4(Mpril) in spring ide
conditions with high mean amplitude (0.67m).
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In addition, three timeseries were performed at station 4 for estimation oflagaon ex-

changes over a tidal cycdémdcorresponding to different tidal sequences

The first series (06 Oct 2016; H#&) pog-spring tide period (mean amplitude = 0.493t@ted

at the beginning of the ebb (10:00), slack water occurred at (15:00) and the two last sampling
points were done in flood conditions.

The second series (10 Oct 2016; LA) done duniegp tide (mean grlitude = 0.14m) started

at the beginning of the flood (10:00), slack water occurred at (14:30) and the three last sampling
points were done in ebb conditions.

The third series (12 Apr 2017; HA) performedspring tide conditions (mean amplitude =
0.66 nj started at the beginning of theb (10:00), slack water occurred at (13:30) and the three
last sampling points were done in flood conditions

During each timeseriesenvironmental parametensurly sampling andooplanktorbi-hourly
samplingwereperformed between 10:00 and 17:00. Note that we were not able to sample over

a whole cycle (i.e., between two successive identical tidal situations), for safety reasons.

2.3 Physical and trophic variables

Sea level values were obtained from the hydrogcagid oceanographic office of the French
Navy (SHOM: Service Hydrographigue et Oceanographique de la Marine;
http://www.shom.ff). As the available values from the SHOM concerned the Sfax coastal zone,
we applied a 3 time lag to estimate the values atughrara according to the numerical model
developed by Othmaseit al (2017). Current velocity and direction were recorded atriiGute
intervals with a curreameter Argonaut EL500 KHz (http://www.sontek.com/) moored on the
bottom close to st 4 (see Figyand deployed from October 6, 2016 for 47 days and from April
13 for 35 days (Attoui et al, 202Q)ater origin and renewal time were estimated at each station
from the hydrodynamic modelescribed inzayenet al (2020, using the procedures detailed

in Chevalier et al.4017).

Transparency was estimated with a Secchi disk. Salinity and temperature were recorded using
a CTD probe(SBE 37 Se-Bird Scientifig from surface to bottom. Water samples were col-
lected at two depths (stdurface and near bottomising a 5 L Niskin bottle for measurements

of suspended solids (SS), particulate organic matter (POM) and Chloao@filorophylla



was measured by optical density using a Jernadb spectrophotometer. For SS and POM,
water samples were filtered onteepreighed GF/F filters. After filtration, filters were dried at
60°C for 24 h and reweighed to determine SS. Afterwards, the filters were burnt at 550°C for
1.5 h and reweighed to estimate ash wgiBOM and % of organic matter (Y%oPOM).

24 Zooplankton

The zooplankton was sampled with a WP2 200um mesh net by vertical hauls from the bottom
to the surface. The net was provided with a Hydrobios flowmeter to measure the length of the
net trajectory and estimate the sample volume. In addition, samplesallentecl at two ver-

tical levels (suksurface and near bottom) with a 30 liter Schindlatalas plankton trap
(Schindler, 196pequipped with a 64 pm mesh filtering sock. The collected samples were im-
mediately fixed with neutralized formaldehyde (4 % fioahcentration) in hermetically sealed
PVC flasks. At the laboratory, before treatment, each sample was washed with 20um filtered
seawater, to eliminate the contained formaldehyde. For both counting and identifying zooplank-
ton taxa, we used a Leica M 20St@reo microscope. For the WP2 samples, taxa were enumer-
ated on susamples taken by wide bore piston pipettes, whereas for the trap samples, we
counted the individuals on the whole sample. Zooplankton taxa were identified to species level
when possible, @ording to Rosel033, Tregouboff and Rosgl957),Boxshall and Halsey
(2004 andRazoulset al.(20052020.

To estimate théody size ozooplanktororganismsselected amplesof October2016(corre-
sponding tdstations 1, 2, 4, 5, 6 andwre digitized with the ZooScan digital imaging system
(Gorsky et al., 2010When necessary, tlsample was divided in 2 fractions (<1000 and>1000
mm) for better representation of rare large organisms in the scanned subJémpésulting
samples werequred onto the scanning cell and zooplankton organisms were manually sepa-
rated with avoodenspikein order to avoid overlapping organisms. After scanning, each image
was processed usirgpoProcess, which is embedded in the ImageJ image analysis software
(Gorsky et al., 2010)Finally, Plankton Identifier (http://www.obdfr.fr/~gaspari/Plank-
ton_ldentifier/index.php) was used for automatic classification of zooplankiton7 catego-

ries: nauplii, copepod, other crustaceans, appendicularians, chaetogtrahgelatinous or-
ganisms, meroplanktoifhe mean body area of zooplankton organisms category was then com-

puted for each zooplankton category and for each station



2.5 Data analysis

25.1 Zooplankton abundance and diversity

Two datasets of zooplanktevere considered:

¥ Subsurface and bottom zooplankton density (trap samples) to examine vertical distribution.
¥ Mean zooplankton density in the water column; we combined the datasets of the two sam-
pling devices by selecting, for each taxon, the higherevhktween the trap (mean value of
bottom and suisurface) and the net sample.

In the three timeseries at st 4, for better comparison between the three periods, zooplankton
abundance was standardized for each periogh{xyx

The spea@srichness S is presented by the total or average number of counted species per unit
of area. The taxonomic diversity was estimated using the Shafierer Index (H") and
Pielou Equitability Index (J Harriset al.,2000. The Pielou Equitability index allows meas-
uremrent of the distribution of the individuals in each species, independently sgelesrich-
nesslts value varies from 0 (dominance of one species) to 1 (equal distribution of the individ-
uals of the species). These indexes were calculated for watemceslnes only, using Primer

6 (Plymouth Routines in Multivariate Ecological Research) Softwardetter understand the
changes in the community structutee RankFrequencyDiagrans (RFD) were constructed by
plotting thelogarithms of theranks of all species on theaxis (in decreasing order of fre-
guency) against their logarithmic frequency valughmn yaxis (Pinca& Dallot, 1997. The
Importance Value Index (IVI) for the different taxa was determined by summing the values of

relativefrequency, relative abundance and relative dominanogif, 1959.

2.5.2 Zooplankton biomass and zooplankton grazing pressure

The mean body weiglif each zooplankton category analyzed with the Zooggressed as

ug C indt) was calculated using the areaarbon body weight relationships framshette and
HernandeZ eon (2009) These estimatdbased on the analysis of selected samples of October
2016)wereaveraged per zone (Sea, Transition and Lagoon) and applied todleedala set.
The zooplankton biomass (mg C3iwasthuscomputed by summing the products of the mean
individual body weight of each zooplankton category byléasity in the water columfind

m).



To estimate the grazing pressure of zooplankton omoplankton, we computed the carbon
demand of zooplanktofZ CD) based on estimates of its biomass and ration:

ZCD (mgC n? d?) = Ration x Bzoo

where Bzoo is the biomass of zooplankton in mgé€; rand Ration is the amount of food con-
sumed per unit of bioass, calculated as:

Ration (d) = (gz + 1)/ A

where gz is the growth rate, r is the weight specific respiration and A is assimilation efficiency;

gz was calculated followinghou et al.(2010)

% .
W 201 d& 4 o744 :
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as a function of sea water temperature (T, °C), food availability (Ca, mgCestimated from
Chl-a), and weight of individuals (w, mgC).

FollowingNival et al. (197)andAlcaraz et al. (2007we considered constant values of A (0.7

dl) and r (0.16 @) respectively.

We compared ZCD to the phytoplankton stock, converted to carbon assuming a classieal C:Chl

a ratio of 50:1, to estimate the potential clearance of phytoplankton by zooplankton.

2.5.3 Statistical and multivariate analyses
Sampling poinimatrix were created for environmental data (tidal amplitude TA, Secchi depth,
SD, temperature T, salinity S, NOx, PO4, Ca), (suspended solids SS and % particulate
organic matter %POM) and zooplankton taxa abundance (the 85 taxa repdiaédeial). In
each matrix, the columns correspond to the environmental or zooplankton data and the lines to
the sampling points. Zooplankton and environmental data were transformed (Inx+1) before
analyses, in order to tend towards normal distribution.
Analysis of variace (ANOVA) was performed to compare mean values of zooplankton and
environmental variables between depths, zones and peRdds.analyses, log transformed
dataweretested for homogeneity; no casenoithomogeneitywas detected.
The spatial and tempalrvariability of selected environmental variables, the most representa-
tive to define zooplankton habitats (temperature, salinity, suspended solids andGMpf
was investigated using principal component analysis (PCA). The spatial and temporal variabil-
ity of the zooplankton community was measuusohg Nonmetric MultDimensional Scaling

10
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(NMDS) on taxon abundances, based on ordination of similarity matrices using th€ Bty

Disgmilarity (Harris et al., 2000. A SIMPER (percentage of similarity) analysis was per-
formed to identify the species contributing most to similarity and dissimilarity between stations
for the station groups identified by NMDS. Permutational multivariate analysis of variance
(PERMANOVA) wasused to compare the station groups defined by the PCA and the NMDS,
and test the hypothesis of no differences in community structure among these groups. The anal-
yses were performed using Primer 7 (Plymouth Routines In Multivariate Ecological Research)
Software.

According to the interpretation we made on the NMidSzooplanktonwe usedhe scores of

the sampling points on thfactorialaxesasa SUR[\ WR GHILQH WKH 2ODJRRQ’
character of theooplanktoncommunities. Then we seamdhfor relaionshipsbetweernthese
proxies andthe water origin (estimated from the hydrodynamic macehg the procedures
detailed in Chevalier et ak017).

3. Results

Environmental and trophic variables

For the October 2016 campaign, the PCA on environmeatglbles explained 34% and 33%

of the total variance on the first two components, respectj#edy3). The plots of the sampling
points on the first axis opposed the coastal marine stations (st 1 and 2) to all other stations
characterized by higher saiip lower SS andiigher POM for the three considered tidal periods
(HA from 4 to 6 October, LA from 8 to 10 October and MA from 11 to 13 October) (Fig 3A).
The secondaxis tends to oppose the typical lagoon stations (st 5, 6 and 7) to the transitional
water stations (st3 and 4 close to Ajiorf channel) characterized by lower temperature and
lower SS. This pattern on treecondaxis is followed during the three transects except for st 7
during the MA period, due to a decrease in temperature in thigperio

For the April 2017 campaign, the PCA explained 67% and 28% of the total variance on the first
two components, respectively. The plot of the sampling points (only one transect in HA period),
as for October 2016, shows an opposition between marine aahlatations (Fig. 3B).

For both periods, the PERMANOVA shows significant differences between the three zones

(lagoon, transition area and sea): pseudo F=6.3 and p=0.001 for October and pseudo F=6.9 and



p=0.02 for April. Howeverjn both periods, pairwistests show that the differences between

the sea and the transition zone or between the sea and the lagoon are more pronounced than the
differences between the transition zone and the lggadh01 and p<0.05 respectively.

The mean value of the environmalptarameters for each zone and each parameter are shown
in Table 1. Temperature and salinity were significamiiigher in October than in April
(ANOVA, p<0.001) and in both periods the highest mean values were always found in the
lagoon and the lowesh ithe seaThere was a clear horizontal salinity gradient with salinity
increasing from sea (st2) to lagoon (st 5, 6 and 7) with values from 40 to 46 in October and
from 38.5 to 42.5 in April. In addition, in both periods, the water was slightly schiif lagoon

and sea zones with a significant difference between bottom and surface salinity (ANOVA,
p<0.01), but the stratification disappeared in the transition zone. Transparency was higher in
October than in April in the lagoon and the transition zane the difference was particularly

high in the transition zone where the highest values were recorded for both seasons (ANOVA,
p<0.01).

Suspended solid and Chlorophglshowed no clear spatial pattern, with no significant differ-
ence between zones ortlween bathymetric levellANOVA, p>0.1), but were significantly
higher in October than in April. Conversely, the percentadg®iwasl.2 to 1.7 times lower

in October than in April in all zones

Zooplankton abundance

The comparison of surface abdttom zooplankton density values obtained in the samples col-
lected with the plankton trap shethat in October 2016 there was a clear vertical gradient of
total zooplankton abundance (expressed as the bottom/surfacewdtiohigher abundance
nearthe bottom compared to the surface in the coastal marine stations throughout the survey,
and in the transition area during HA period (Fig. 4Antal zooplankton abundance as well as
abundance of the most important tagitiiona nanaand gastropod larvae) weeon average

higher in bottom samples than in surface samples when consideristations as avhole
(ANOVA, p<0.002. However, when considering each zone separately, the batgurface
difference was significant only in the coastal marine Zbme-way ANOVAs for bottorsur-

face and station effects within each zone, p<0.05). Besides, the relative abundance of the main
zooplankton groups (calanoids, cyclopoids and harpacticoids copepods, gelatinous organisms,

other holoplankton and meroplankton$mlayed no significant variation between surface and
12
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bottom samples either globally or when considering each zone sepadratépyil 2016, the

bottom- surface ratio varied between 0.5 and 4 according to stations (Fig. 4Bgjthwetr mlepth

nor zone dects weresignificant forzooplankton abundance or for the percentage abundance

of main zooplankton groups (ANOV/A>0.1).

Mean integrated water column values of total zooplankton abundance varied between 3600 and
50000 ind/m in October 2016, with highariation according to stations and tidal periods (Fig.

4C). If we except a very low value recorded at station 8, close tpa®e under the Roman
causeway, sampled only once on Octobgoerall the zooplankton abundance tended to in-
crease from marmstations (st 1 and 2) to lagoon stations (station 5, 6 and 7) in HA and MA
periods, whereas no clear spatial pattern was detected during the LA period. Thiaytwo
ANOVA (zone and tidal period effects, Table 3) showed that the total zooplankton abundance
as well as the abundance of the two most important @ihgnha nanaand gastropod larvae)

were significantly more abundant in the lagoon than in the coastal zone. The percentage of
gelatinous organisms significantly increased in the lagoon compared $se&, mainly due to
appendicularianggikopleura dioicd, whereas the percentage of copepods decreased. Among
copepods, the relative abundance of the main groups also changed spatially with decreased
importance of Calanoida versus Cyclopoida and Hapgadacin the lagoon compared to the

sea. No significant difference in total abundance or in abundance of the main taxa was observed
between tidal periods except fOithona nanavhich was significantly more abundant during

LA than during MA and HA in the nmane and transition zones and conversely in the lagoon.

In April 2017, mean integrated water coluzooplankton abundance varied between 1400 and
11000 ind/m with highest values found in the innermost lagoon stations st 6 and st7{fig 4

but ro significant difference in total abundance or in abundance of the main taxa was observed
between zones except for the percentage ofcopepod and negelatinous taxa that was sig-
nificantly higher in the lagoon than in the coastal area (Table 2)

Overall the zooplankton abundance was significantly lower in April 2017 than in October 2016
both when considering the three zones separately and for the whatetjatdOVA, p<0.01)



Zooplankton community

We identified 116 taxa including 64 copepods, 13-ogpepod holoplanktonic crustaceah4
gelatinous organisms and 25 meroplanktonic larvae (table S1 in annex). Copepods were always
dominant (62% 92% of total abundance) but, in both periods, theicentage decreased from
marine to lagoon stations excegtstation 8 sampled only during HA period in October 2016.
Meroplankton, strongly represented by gastropod and bivalve larvae, was the second more im-
portant group (4% 34%) and its relative abundance increased from marine to lagoon zone.
Gelatinous zodgankton, mainly including appendicularians and chaetognaths, represented <
0.1%13% abundance. Their relative abundance increased from sea to lagoon during October
2016, mainly due to appendiculariar@iKopleura dioicg, but displayed an inverse pattern
during April 2016.

Among copepodsQithona nanaAcartia latisetosa, Euterpina acutifrons and Paracalanus
parvuswere overall the most important species in the 3 zones (sea, lagoon and transition) and
in the two periods with IVI ranging between 80 and 1R@yeverA. latisetosavas more prom-

inent in April compared to October (Table S1, Fig. 5). Several other copepod species were
recorded only in April (egAcartia clausiand Tortanussp.), whereas other species were rec-
orded only in October (e@ithona hegolandica, Lubbockiap, Microsetellasp. andPontella
mediterraneq Most copepod species were recorded in the three zones but several species were
absent from the lagoo€fenocalanusp., Pontella mediterranea, Farranula spMetridia sp.,
Heterorhabdussp) whereas some others were never recorded in the coastal marine zone
(Platycopia pygmea, Oithona simplex, Microsetsitg.

Among noncopepod taxa, meroplanktonic larvae (namely gastropods, bivalves, polychaetes
and cirripedes) as welkdahe appendiculariaikopleura dioicavere the most strongly repre-
sented, with IVI ranging from 60 to 160. Cladocerans, mostly represenRatoyandEvadne

genera, were more represented in the lagoon (VI between 60 and 120) than in the coastal zone
(IVI between 0 and 67).

ThespeciegichnesqS) varied between 20 and 51 with the minimum value found at station 8.

It was significantly higher in October 2016 than in April 2017 (ANOVA, p<0.001). In October
2016, S increased from the sea to lagoon, taglayed the reverse pattern during April 2017.
However,speciegichnessDQG GLYHUVLW\ LQGH[HV - DQG +Y VKRZH
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either between zones ERWK SHULRGYV RU EHWZHHQ WLGDO SHULRGYV

October than in AprilZKHUHDYV -9 VKRZHG QR VLJQLILFDQW GLIIHUHQ
The Rank Frequency Diagrams (RFD) had similar convex shapes in both periods and zones
except for station 8 in October (Fig. 6). In October, the RFD diagrams were very similar in the
3 cansidered zones, but station 8 was atypical compared to the other zones, with clear drops
after the ¥and the 3 ranks showing low diversity and evenness compared to the other zones.
In April, the RFD of sea and lagoon zones were very similar up to2@riut they differed
afterwards with spectacular decrease in frequency for the lagoon zone. We cant notsotha
periods, the RFD observed in the transition zone differed from those of the marine and lagoon
zone with slight a dropff from the 4" (October) or the 8 (April) rank.

In October 2016Qithona nanavas the rankl species in the three considered zones but differ-
ences were observed from rank2, wiiiaenna spiniferan the sea zon&ikopleura dioican

the lagoon and Gastropod larvae in ttansition zoneTable 4. Station 8 was dominated by
Acartia latisetosaand harpacticoid copepods. April 2017 the community was dominated by
Oithona nandn the marine zone and by gastropod larvae in the transition zone and the lagoon.
The NDMS on theelative abundance of the zooplankton taxa clearly discriminated between
the two periods sampled (October 2016 and April 2017) as well as between the three identified
zones (FigrA). In addition, station 8 was clearly distinguished from all other statlorsoth

periods, the PERMANOVA shows significant differences between the three zones (lagoon,
transition area and sea) but with a better discrimination in October (pseudo F=5.7 and p=0.001)
than in April (F=2.7 and p=0.017 both periods, pairwistests show that the differences
between the sea and the transition zone or between the sea and the lagoon are more pronounced

than the differences between the transition zone and the lagoon p<0.01 and p<0.05 respectively.

In October 2016, to better ass#ss influence of tidal periods dhelagoon zooplankton com-

munity, we performed a NDMS analysis on the relative abundance of zooplankton taxa for the
lagoon zone stations (St 5, 6 and 7) during the three tidal periods (Fig. 6B). The plot of the
samplingpoints shows a clear separation between the low tidal amplitude period (LA) and pe-

riods with higher amplitude (MA and HA)n the latter case, the lagoon stations tend to be



grouped and correlated with the most abundant spegite(1a nang, whereas dung the LA
period, the sampling points are more scattered.

Zooplankton biomass andzooplankton grazing impact on phytoplankton

The total zooplankton biomass followed the same spatial and temporainpadkerthe
zooplankton abundance. The mean biomass values ranged from 5.8 to 36.7 {BgMZhm
highest values recorded in the lagoon and the transitional zones and the lowest in the coastal
marine zone&nd much higher values in October 2016 than in Apdl7Z20able5). The mean

ratio between phg- and zooplankton biomasses ranges between 8 and 27%. Thelailgan
grazing pressure represen#@® to 15.3 % of the phytoplankton stock, with higher values in
October 2016 than in April 2017.

The comparison bewen tidal periodsni October 2016 showthat zooplanktorbiomassand

the zooplankton grazing pressure (ZGbjhe lagoon wasen average twicéigherduring the
periodsof tidal amplitudes (MA and HA)ompared to period withow amplitude (LA)
whereas nalear variation was observed between tidal periods in the coastal sea and transitional

zZones.

Tidal variability at the fixed station

The total zooplankton abundance increased overall during the ebb period and reached the max-
imum at low water and until rdiflood, when current velocity was at a maximum and oriented
inwards into the lagoon, and tended to decrease afterwards during the end of the flood (Fig.
8A). The percentage of zooplankton present at the surface was highly variable but tended to
decreaseuting the ebb, reaching minimum values from beginning toflomtl (Fig 8B).

The comparison of the mean values between ebb and flood periods (Fig 9, Table 5) allows
assessment of the net tidal exchange of particulate matter and zooplankton betweesmithe sea
the lagoon. There was no significant difference between ebb and flood fe; SBl and P
concentrations (Table 5). In each of the three {s@es, the water column integrated total
zooplankton abundanead biomassveresignificantly higher duringhe flood than during the
ebb(Fig. 9). Significant differences between ebb and flood were also found for the water col-
umn abundances of copepods (either as total or by larval phases or families), and of the most
important copepod speci€s nanaandE. aatifrons with flood/ebb ratio ranging from 2 to 6

(Table 5). The same patterns were noted for the same zooplankton taxa and additionally for
16
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total meroplankton an@. dioicain bottom strata, but no significant eflbod differences were

detected in sudlce water, except fd. acutifronsduring the first timeseries (October 2016).
The water column zooplankton abundance waswverage 2.2 higher during the flood than
during the ebb, and this increase was even more important for the zooplankton bioPnss (x
and for thezooplanktorgrazing pressure on phytoplankton (x 2.8).

The NMDS performed on the relative abundance of the zooplankton taxa during the two time
series of October 2016 shoa<lear separation between HA and LA periods and beteden
andflood within each perioqFig.10. The first axis clearly shows an opposition between la-
goon influence (on the right), through correlation with meroplankton larvae (gastropods, bi-
valves, polychaetes, fishes, etc) and copepods suth manaandE. aatifrons,and marine
influence (on the left), characterized by more typical marine taxa such as Chaetdgrafs,

sp., and copepods such etridia sp. LA period was characterized by higher lagoon influence
and MA by higher marine influence. Eachdlidycle starts with a relatively marine zooplank-

ton assemblage at high water which then evolves towards a more lagoon assemblage during ebb
with a return towards the marine assemblage at the end of the next flood. It can be noted that
the return to the mime assemblage is slower than the passage to the lagoon assemblage, par-
ticularly during the LA period. Besides, as previously noted spatially in the NMDS for the
lagoon stations (see Fig 9), a higher variability was observed in LA conditions compa#ed to H

conditiors.

4. Discussion

Main characteristics of the Boughrara lagoon zooplanktimtheyreflect a disequilibrium?
As in many other Mediterranean coastal or lagoon ecosystems (se€/)[db&zooplankton
of the Boughrardagoon is characterized by a commurstyongly dominated by copepods

(62%- 92% of total abundancd)ut also with high relative abundance of meroplanktonic larvae



(4% - 34%; mostly gastropod larva&everal differences were observed between the twie stu

ied periods, with lower abundance and diversity in April 2017 than in October 2016, perhaps
reflecting a post sprirgloom situationin April with quick development of some suspension
feeders (namely, gastropod larvae, and small copepods, see Tdalbiis 4§in agreement with
theseasonal variabilitdescribed by Daly Yahia and Ben Romdhat#@9¢) for the Boughrara
lagoonboth in terms okzooplanktonabundance and community structure, and sintdahe
seasonal pattern observed in another Tunisignon Ghar el Melh Ziadi et al.,2015.

As in most examples given in TablgOithona nanaAcartia latisetosaEuterpina acutifrons
andParacalanus parvusvere overall the most dominant copepod species in the study area in
both periods. The high freguey of O. nanain the Boughrara lagoon and in its riverine coastal
area, both highly anthropized, is not surprising, since this species was already reported at very
high and unusual abundance in highly polluted urban bays such as the bay of Toulorih the N
MediterraneanKichard and Jamet, 200or in the bay of Tunis{aly Yahiaet al., 2004).
Moreover, the Oithonidae seems to be a family having high affinity for anthropized marine
systems, and as such were shown to be a potentially good indicatdhaipization $erranito

et al.,2016 having high dominance in lagoon ecosystevigliams and Muxagata, 2006In

their pioneering study carried out in 1992, Daly Yahia and Ben Romdhari94) reported
zooplankton abundance in the Boughrara lagodntitnes higher than that recorded in our
study in the same seasonal periods, but more than two decades earlier. Furtl@entooe,
pages kroyeriwhich represented-650% of the Boughrara copepod abundance in -BB2vas
almost totally absent in our 202817 samples and was replacedbyponticug2-13% cope-

pod abundance in the lagoon), recognized as a dominant copepod species throughout the Tuni-
sian lagoonsNeffati et al., 2013. Perhaps this decrease in zooplankton abundance and the
replacement o€. koyeri by C. ponticus more adapted to eutrophic conditions, constitute the
signs of disturbance of the lagoon plankton ecosystem, in relation to increased anthropization
over the last decades, mostly due to chemical pollution which has led to the degrefitte

water quality and the erosion of benthic communitigsn( Aounet al., 2007). Despite these

signs of disturbancehe zooplankton community our studywas characterized by a high di-
versity and evenness arahk frequency diagranteving aconvex shape reflecting a relatively
matureand equilibratedooplankton communitysensu=rontier 197%in the three investigated
zones with the exception of station 8 in October 20&€re characteristic of a young zoo-

plankton community at the beginning of an ecological succesSionversely other coastal
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Mediterranean ecosystenssrongly anthropized but not under tidal influerdisplay very low

zooplankton diversity, e.g. the srhiady of Toulon, where the community is strongly dominated

by only one specief§)ithona nanaeprensenting 680% of the zooplankton abundan¢é&gmet

and Corbel, 1996).

Another important characteristic tife zooplankton ofhe Boughrara lagoon is its higabun-
dance,much higher than in the open Mediterranean sea (up to 50000%jrd/our study vs
<10000 ind/m in most open Mediterranean regiomsokou Frangoet al, 2010. In compar-

ison with other lagoons, the zooplankton abundance in the Boudggae is slightly higher

than in the northern Tunisian coastal lagoons, such as Bizerte lagoerm(ret al.,2020 and

Tunis lagoonAnnebi Trabelset al.,2005, but lower than in the shallow Ghar El Melh lagoon
(Ziadi et al., 2015, and within thesame range of values as those reported for +wveetern
Mediterranean lagoons such as Thau and B&gg=an {/larqueset.al.,2015, whereas much
higher values are recorded either in highly anthropized sites such as Berre @ggoom( al.,

2012 or inlagoons under low Human pressure (protected areas) such as Sacco del Canarin,
(Po Delta, Italy) Ferrariet al., 1985 and Bardawil (Egypt)Nlageed,2006. It is interesting

to note that the zooplankton abundance and species composition (notably dornin@nce
nang in Boughrara are very similar to those recorded in another highly anthropized and meso-
tidal Mediterranean lagoon, Venice lagoon (ltafg)ccardi, 2010

With regard to the Gulf of Gabgthe zooplankton abundance recorded in the southern coastal
zoneis within the range ofhatrecorded by Drir&t al.(2017) in the northern coastal zone close

to Sfax and by Drir&t al, (2010) in the neritic area (<50m depth), Daly Yaletaal. (2004

found similar zooplankton abundance values in the Bay of Tunis. However, much lower values
were recorded in the oceanic areas (>50m depth) of the gulfs of Galvese( al, 2010) and

Tunis Ben Lamineet al.,2015.



In summary,despite several signs disturbancdightened(? alleviated)oy the taxonomic
composition and presumablipked tothe anthropizationthe zooplankton community of the
Boughrara lagoon istill characterized by high abundancel drgh diversity reflecting a rather
good health statu3.he rather highbiomass ratio betweerooplanktorand phytgplankton(7-
28%, comparable to values reported for coastal marine zor23%25asolet al, 1997, as
well as the higlzooplankton grazing rafeepresenting.3 to 15.3 % of the phytoplankton stock
per day comparable to the values recdrirethe open Mediterranean Sé€a5 to 19.3% d;
Feliuet al, 2020, arealso good sigareflectingan efficienttransfer between the first levels of
the pelagicfood chain In comparisonother highly anthropized lagoon ecosytepresent
abnormally lowzoplankton/phytoplankton biomagstio (e.g. 2% in the Ebrié lagoon, Ivory
Coast,Pagano and Sakdean, 198; 1% in Sontecomapan, VeraCruz, Mexié@gnitezDiaz
Miron et al,, 2019 or very low zooplankton grazing impdetg. <1.7% o in the Berre lagoo,
NW Mediterranean Sed;audy, 198) leadng to phytoplankton accumulation amgisodic
dystrophic crisis Finally, theincreasingzooplankton abundande the Boughraralagoon
compared tdhe coastal marin@reaandto the operMediterranean Seg@ee above) suggest
zooplankton retention in relation with the morphology (low slope), advection process and the

tidal influence as discussed below.

Tidal influenceon community structure and retention zfoplanktondo these processes help
maintain zooplankton biodiversity ardntrol phytoplanktof?

Our study highlights very clear spatial gradients of environmental and trophic variables be-
tween the oastal zone of the Gulf of Gabes and the Boughrara lagoon, but do these changing
conditions explain the spatial variability of the zooplankton community and the increasing gra-
dient of zooplankton abundance between the sea and the lagoon? As discussedubemw

sults suggest rather an important contribution of tidal Lagrangian transport and mixing of or-
ganisms from different zones in structuring the zooplankton communities and driving the spa-
tial gradient of zooplankton abundance through selective reteatiorganisms in the lagoon.

The impact of tidal circulation on the exchanges of zooplankton between the sea and the lagoon
was clearly shown in thgtime-serieobservationperformed at station 4 in the transition zone.

At this station, the zooplankt community has a relatively marine character at high water
which then evolves towards a more lagoon character during the ebb, with doetams ma-

rine character at the end of the next flood (see Fig. 10). In addition, the return to the marine
20
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characer is slower than the passage to the lagoon character, suggesting a dynamic lag between

the input and the output of zooplankton from the sea to the lagoon, as observed in hysteresis
situations. This pattern is observed in LA and HA periods, but LA, compantdA, is charac-

terized by having a more lagoon character over the whole tidal cycle, a higher variability in
community structure between ebb and flood, and longer time lag from lagoon to marine char-
acter (see Fig. 10). This pattern and its variatiowéen LA and HA periods can be explained

by the relative contribution of marine and lagoon water in the transition area simulated by the
hydrodynamic model (Fig 11A). HA conditions are characterized by an important marine water
contribution (Concentration RW LR e FRPSDUHG W% Bid.RIRQINZD W H U
LA conditions, the mixing of water is more intensive with a contribution of lagoon water (55
70%) that is higher than the contribution of marine watei5(3%). This may explain the higher
variability of the zooplankton community over a tidal cyclarohg LA than during HA in the
transition zone. Furthermore, in each situation, the lagoon character of the community (as de-
fined by the scores of the first axis of the NMDS analysis of Fig 10A) increases when the
relative contribution of the lagoon watercreases in relation with the tidal cycle (Fig 11B).

The lag time for the return to a marine community can be explained by the higher distance of
st 4 from the marine coastal zone (st 2) than from the typical lagoon zone (st 5). Thus,-the time
variability of the zooplankton community in the transition zone results from mixing of zoo-
plankton taxa differentially transported from the coastal marine area of the Gulf of Gabes and
from the innermost part of the lagoon. Tidal exchanges with the Mgeliterranan Sea
through the Roman causeway in the na#istern part of the lagoon were not directly investi-
gated, but the very different community recorded at Station 8 compared to the other lagoon
stations (see Figs 6 and 7), also suggests intense tidal exclaangesxing between coastal
marine and lagoon zooplanktdastimates of the water origin and renewal time from the hy-
drodynamic model confirm the high contribution of the external Mediterranean water (>50%)
and the intense water renewal (<10 daysui etal., 2020 in this zone of the lagooiThiscan

thus be considered as a transition zone between the sea and the lagoon, similarly to the north-

western zone close to Ajudorf channel (St 3 and St4).



Spatial gradients of zooplankton community structure wkyarly demonstrated in both peri-

ods (Fig 7A). These gradients appear to be strongly driven by tidal advection traaspag-

gested by the positive relationships between the lagoon character of the community at the dif-
ferent lagoon statiorend the redtive contribution of the lagoon water at these stations (Fig 11
C). In the lagoon, spatial gradients of the zooplankton community were clearly higher in LA
conditions compared to MA and HA conditions when the strong tidal circulation probably gen-
erates miing and homogenization of the zooplankton communities (see Fig. 7B). This suggests
that during high tidal amplitude periods, the communities are spatially homogenized even in
the innermost part of the lagoon (st 6 and 7), whereas low amplitude periods $patial
gradients of zooplankton communities. High tidal amplitudes also favour gradients of abun-
dance (see Fig 4C) linked to a retenfopdrenomenonsge below), but with mixing and homog-
enization of the communitgompositionlinked to higher tidal extanges with the sea. Con-
versely, low tidal amplitude would attenuate the gradient of abundance (through lower reten-
tion), but would favour a spatial gradient of community composition.

The higher zooplankton abundance recorded in the Boughrara lagoorredrptie adjacent
coastal zone in the Gulf of Gabés seems to result from a retention phenomenon associated with
tidal currents, as shown by the net import balance of zooplaelsjoecially for the most im-
portant copepod speci€s nanaandE. acutifronsduring the tidal cycle (see Fig. 9 and Table

5). Rawlinson et al (2005) also advanced a net tidal transport to explain the higher abundance
of mesozoplankton species (includi@ithona helgolandichin a semienclosed Irish ecosys-

tem compared to the adgnt Atlantic OceanSimilarly to our observations in the transition

area (st 4), Krumme and Liang004) observed higher zooplankton abundance during the ebb
with highest values occurring at low water in a Brazilian maicia culde-sac channel, sug-
gesing zooplankton retention. However, the higher proportion of meroplankton in the
Boughrara lagoon compared to the coastal zone could also indicate that higher zooplankton
abundance in the lagoon may arise from local production of meroplanktonic larvaathicb

adults in the lagoon, as mentioned by Archambetad, (1988 among different hypotheses to
explain increased abundance of organisms inside and outside embayments. Nevertheless, rather
high mean flood/ebb ratio for meroplankton abundance (l.4hfowater column and 2.3 for
bottom water with significant eblflood difference) argue more in favor of meroplankton
retention in the lagoon rather than local production of adults. Although we have no current data

on benthic communities in the study gre@ know that the coastal zone of the Gulf of Gabes
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close to Boughrara hosts a macroinvertebrate benthic community very similar to the one in the

lagoon Khedhriet al.,2016. Moreover, the strong variability of the flood/ebb ratio between

the differentaxa suggests a selective retention of zooplankton in the lagoon, with copepod and
particularly harpacticoids (mostEuterpina acutifronsand to a lesser extent the cyclopoid
Oithona nanabeing the most retained taxa. Such selective retention couldtheedlained

by a behavioral tendency of some species to congregate in the depths during ebb tide, as ob-
served forAcartiain Newport Bay, Californigby Trinast (975. Among OithonidaeQithona
davisaewas shown to have the ability of selective remmtand an extremely high adaptive
plasticity in Black Sea environmerf\(etlichnyet al.,2016 andO. plumiferaincreased abun-

dance in shallow nearshore waters off the south coast of South Africa could also be explained
by physical aggregatiorPOrriet d., 2007).

In our study, significant ebflood differences were observed for bottom strata but not in surface
waters, also suggesting aggregation of zooplankton at depth during ebb tide, limiting their ex-
port from the lagoon. Very similar results wereaeted in another mesotidal Mediterranean
lagoon (Sacca del Canarin, Adriatic Sea) by Feetaal. (1985 who observed particularly high
abundance oAcartia clausj Paracalanus parvyithona nanaandEuterpina acutifronst

flood tide compared to ebb tides, as well as daily positive ioptgut balance for calanoids,
cyclopids and harpacticoids over a2&ycle. In contrast, Brugnarat al (2010) in a non

tidal lentic ecosystem of the southern Adriatic region (lagogsina) observed an increasing
abundance trend from the lagoon towards thehgghlighting the relative confinement of this
lagoon. Besides, this lagoon, similarly to other 4tidal lentic Mediterranean lagoons (e.g.
Lakes Ganzirri and Fardagami andsuglielmo, 1995, is characterized by rather low (<10000
ind/m?) zooplankton abundances in contrast to other Mediterranean lagoons such as Boughrara,
characterized by intense hydrodynamics and water exchanges with the sea.

In this studywe observed net ingot balance®f total zooplanktorabundancémean flood/ebb

ratio = 2.3 andbiomasgmean flood/ebb ratio 2.4) during thesemtdiurnaltidal cycles lead-

ing to an increase of the potentiahzing pressure on phytoplanktongan flood/ebb ratie

2.8). We also estimated that the grazing pressure in the lagoomwigas higher during the
periods ofhigh tidal amplitudes (MA and HA) compared period with low amplitude (LA)



clearlyshowng thatthe retentionof zooplanktorsignificantly increasethe top-down control
of phytoplankton thuselp controllingthe proliferationof phytoplankton

In summarythe high tidal exchange§articularly during spring tidgeriod3 favour mixing
and homogenization of the community as wellegention and accumulati of zooplanktorn
theBoughrardagoon. These processkelp maintain the zooplankton biodivergtyenin the
innermost part of the lagooiihey alsdead toanincreasean the zooplankton abundance and
biomass ands grazing impacbn phytoplankton

Conclusion

The comparison of ouesultswith previous historical studidgghlights several changes in the
zoplanktoncommunity compositionprobably due to the degradation of environmental and
trophic conditions linked tancreasing anthropisatiotowever, severalesults in our study
(high diversity, high abundance and biomass, equilibrated biomass ratio betweefarmhyto
zooplankton, higlpotentialgrazing impact) reveal a rather good current health status of the
planktonic ecosystem in agreemwith our hypothesis of a buffer effect of the tidal flow likely
to limit the effects of this anthropizatio@ur studyclearly showshe effectof the tidal forcing

(i) on thetime variability andon thespatial gradients of communistructureand abundnce
between the marine coastal zone and the innermost part of the,lagabon (i) maintaining
high abundance, biomass and grazing pressure in the lagoon. Thesestggydtst them-
portance othe tidal forcing for maintaining thezooplanktondiversityand biomass at a good
level in a strongly anthropized ecosystehusfulfilling (quantitatively and qualitatively) the
stock ofzooplankton pregvailable for the upper trophic levels (zooplanktophagous organisms,
e.g. small pelagifishes) andensuringa goodtop-down control of phytoplankton. The top
down control on phytoplankton may be also partly exerted by the 1nomplankton as shown

by Sakka Hilailiet al, (2006 for the Bizerte lagoon wheeelargeciliate community was shown

to prey yon upon large diatom cells. Since there is also an important ciliate commuthigy in
BoughraraGabes systerfRekik et al., 2020, furtherstudiesmaynecessarilgxtendthe inves-
tigationsto the wholeof the zooplankton(including prob- and metazooplanktonin orderto
better understand how tidal forces can minimize the devastating impact of eutrophication and

contamination.
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Legends of figures

Fig. 1.Map of the study zone showing the location of the different sampling statid@s. Ajim

Jorf Channel; RC=Roman causeway.
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Fig. 2. Tidal situation during the different samplings: position of the sampling points in relation

with water height in October 2016 (A) and April 2017 (B). HA, LA and MA (with associated hori-

zontal lines) position the periods of high, low and medium tidal anggirespectively.

Fig 3. PCA analysis of the mean values of the main environmental variables (salinity, tempera-
ture, SS, POM) for the radial stations in October 2016 (A) and April 201 H@) high amplitude,

LA=low amplitude and MA=medium amplituderdns = Transition zone, Lag=agoon zone).

Fig.4. Bottom/surface ratio of total zooplankton abundasloag coastal marinelagoon water
transects in three tidal periods (HA= high amplitude, LA=low amplitude and MA=medium ampli-
tude)in October 2016 (Aandunder high amplitude conditios April 2017(B) andtotal integrated
water column zooplankton abundanceha same situations (C and D respectively).

Fig. 5. Importance Value Index (IVI) for the copepod taxa in the three zones in October 2016
andApril 2017.

Fig 6. MeanRank Frequency Diagrams (RFDs) of zooplankton taxa for the two campaigns Oc-
tober 2016 (A) and April 2017 (B) and for the three zones (plus St 8 in October).

Fig 7. Non-Metric Multidimensional Scaling (NMDS) of the relative abundance of the zooplank-
ton taxa (square root transformed). Ordination of the sampling points and the zooplankton taxa hav-
ing correlation >0.7 for (A) the two campaigns and (B) for the lagodiosgin Octobein the
three tidal periods. The sampling points of October are symbolized as follows: the station number
is followed by-LA, -MA or HA indicating the tidal period.

Fig 8. Time series of zooplankton abundance standardized for each(géaeax) (A) and of %
abundance of zooplankton sampled at the surface (surface x 100 / bottom + surface) (B) during
ebb/flood at station 4 during the three distinct studied periods. The dashed and continuous black
lines correspond to the mean standardizzdes (between the periods) of water height and current

velocity, respectivelyl-or better comparison between the three periods, the results are presented on



a common x time scale by positioning the sampling points at the elapse time between the sampling
time and the preceding high water

Fig 9. Comparison of the mean values of total zooplankton abundance (top) and of percentage
abundance of the zooplankton groups (bottom) between ebb and flood periods during the three time
series at Station.4

Fig 10.Non-Metric Multidimensional Scaling (NMDS) of the abundance of the zooplankton taxa
(square root transformed) during the two tisggies performed at station 4 in October 6 (HA) and
10 (LA) in 2016. Ordination of the sampling points (A), and the zooptatietxa having correlation
>0.7(B). HW+ number means the elapse time between the sampling time and the preceding high

water (e.g. HW+5 means 5 hours after the preceding high water).

Fig 11.Time variation of the relative contribution of lagoon and mawaéer(derived from the
hydrodynamic model; sedethods) astation 4 in OctoberA), and relationships between the per-
centage of water of lagoon origin and the ‘lagoon character' of the zooplankton during the two time
series at St 4 in October (B) and fbhe whole set of stations sampled during the two pe(iGils
The lagoon character of the zooplankton corresponds to the scores of the sampling points of the first
axis of the NMDS of Fig 10A for the tirseries, and to the scores of the stations osgbend axis
of the NMDS of Fig 7A for the spatial variations.
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Legends of Tables

Table 1.Mean values (x SD) of environmental variables in the different zones predefined by the

PCA analysis.

Table 2.Mean and standard deviation (SD) valueszimoplankton variables in the trap samples
collected in subsurface (Surf.) and near bottom (Bot.) for the three zones and the two periods (Oc-
tober and April) and twavay ANOVAs (p values) for the differences between zones and depth;
none of the interactiobetween these effects was significant. Degree of freedom (df) of error were
37 and 12 for October and April, respectiveéygnificant values of p are in red characters.

Table 3.Mean and standard deviation (SD) values for integrated water column zdoplaak-
iables in the 3 different zones and for st 8, andwag (April) or twoway (October) ANOVAS (p
values) to test the differences between the 3 zones and the 3 tidal periods (LA, HA and MA in

October only). Significant values of p are in red characte

Table 4.Zooplankton taxa having the first 10 ranks in the RFD diagrams shown in Fig.6.

Table 5.Mean and standard deviation (SD) values for integrated water column valuesosf phy
and zooplankton biomasses and for zooplankton grazing pressie 3ndifferent zones and the

tidal periods. MA+HA are considered together for comparison with LA

Table 6. Mean ratio between flood and ebb periods for chlorophyll and particulate matter and for
the abundances of total zooplankton and of zooplanktorpgrautaxa calculated for the integrated
water column (Col.) and for the surface (Surf.) and bottom (Bot.) stratefor the biomass and
grazing pressure of total zooplanktdntests between ebb and flood tide means reveal significantly
different means wth p<0.05 (*). Ratio corresponding to significant dldnd differences are in red

characters.

Table 7.Comparison of total zooplankton abundance in different lagoon and coastal ecosystems

of the Mediterranean Sea.



Table S1 Importance value indexesv) for the taxainventoried during the two COZOMED

campaigns in October 2016 and April 2017 in the three zones and at station 8.
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Figures

AJC

RC

Fig. 1. Map of the study zone showing the location of the different sampling stafdd@s= Ajim JorfChannel,
RC=Romancauseway

LA
HA MA

Fig. 2. Tidal situation during the different samplings: position of the sampling points in relation with
water height in October 2016 (A) and April 2017 (B). HA, LA and MA (with associated horizontal lines)
position theperiods of high, low and medium tidal amplitude respectively



Fig 3. PCA analysis of the mean values of the main environmental variables (salinity, temperature, SS, POM) for the
radial stations in October 2016 (A) and April 2017 (BA= high amplitué, LA=low amplitude and MA=medium
amplitude.Trans = Transition zone, Lad=agoon zone)
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Fig.4. Bottom/surface ratio of total zooplankton abundaaloag coastal marindagoon water transect in three tidal
periods (HA= high amplitude, LA=low amplitude and MA=medium amplijudeOctober 2016 (Aand under high
amplitude condition April 2017 (B)and btal integrated water column zooplankton atamzk in the same situations
(C and D respectively).
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Fig 8. Time series of zooplankton abundance standardized for each series (x/xmax) (A) and of % abundance of
zooplankton sampled at the surface (surface x 100 / bottom + surface) (B) during ebb/flood at statiog the

three distinct studied periods. The dashed and continuous black lines correspond to the mean standardized values
(between the periods) of water height and current velocity, respectialpetter comparison between the three
periods, the raults are presented on a common x time scale by positioning the sampling points at the elapse time
between the sampling time and the preceding high water"
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Fig 9. Comparison of the mean values of total zooplankton abundance (top) and of percentagecabainten
zooplankton groups (bottom) between ebb and flood periods during the thresetiegat Station.4
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Fig 10. Non-Metric Multidimensional Scaling (NMDS) of the abundance of the zooplankton taxa (square root
transformed) during the two tirreeries performed at station 4 in October 6 (HA) and 10 (LA) in 2016. Ordination

of the sampling points (A), and the zooplankton taxa having correlationB)OH\\V+ numbemeanghe elapse

time between the sampling time and the preceding high water (e.g. HW+5 means 5 hours after the preceding high

water).



Fig 11.Time variation of the relative contribution of lagoon and marine watnived from the hydrodynamic model;

see methodsat station 4 in OctobdiA), and relationships between the percentage of water of lagoon aridihe
‘lagoon character' of the zooplankton during the two-seges at St 4 in October (B) and for the whssé of stations
sampled during the two periods)(The lagoon character of tkeoplanktorcorresponds to the scores of the sampling
points of the first axis of the NMDS of Fig 10A for the tiseries, and to the scores of the stations on the second axis
of the NMDS of Fig 7A for the spatial variations.
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Tables

Table 1.Mean values (z SD) of environmental variables in the different zones predefined by the PCA analysis

Table 2.Mean and standard deviation (SD) valueszfaoplanktorvariables in the trap samples collected in subsur-
face (Surf.) and near bottom (Bot.) for the three zones and the two periods (October and Aprilraag AOVAS
(p values) for the differences between zones and depth; none of the interaction betveeeffabisswas significant.

Degree of freedom (df) of error were 37 and 12 for October and April, respec®ighyficant values of p are in red
characters.



Table 3.Mean and standard deviation (SD) values for integrated water column zooplanks&inegin the 3 dif-
ferent zones and for st 8, and one way (April) or-tmay (October) ANOVAS (p values) to test the differences between
the 3 zones and the 3 tidal periods (LA, HA and MA in October only). Significant values of p are in red characters.
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Table 4.Zooplankton taxa having the first 10 ranks in the RFD diagrams shown in Fig.6.
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Table 5. Mean and standard deviation (SD) values for integrated water colales of phye andzooplankton
biomasses and for zooplankton grazpmgssuren the 3 different zones and the tidal peridd#\+HA are considered
together for comparison with LA.
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Table 6. Mean ratio between flood and ebb periods for chlorophyll and particulate matter and for the abundances of

total zooplankton andf zooplankton groups or taxa calculated for the integrated water column (Col.) and for the surface
(Surf.) and bottom (Bot.) stratand for the biomass and grazing pressure of total zooplarikimsts between ebb and

flood tide means reveal significapttlifferent means with p<0.05 (*). Ratio corresponding to significantfielslal
differences are in red characters.



Table 7. Comparison of total zooplankton abundance in different lagoon and coastal ecosystems of the Mediterra-
nean Sea.
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Supplementary material

Table S1 Importance value indexes (IVI) for the tara&entoried during the two COZOMED campaigns in October
2016 and April 2017 in the three zones and at st 8.
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Table S1 (follow)
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