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Abstract :

Along the French Mediterranean coast, a complex of eight lagoons underwent intensive eutrophication
over four decades, mainly related to nutrient over-enrichment from continuous sewage discharges. The
lagoon complex displayed a wide trophic gradient from mesotrophy to hypertrophy and primary
production was dominated by phytoplankton communities. In 2005, the implementation of an 11 km
offshore outfall system diverted the treated sewage effluents leading to a drastic reduction of
anthropogenic inputs of nitrogen and phosphorus into the lagoons. Time series data have been
examined from 2000 to 2013 for physical, chemical and biological (phytoplankton) variables of the water
column during the summer period. Since 2006, total nitrogen and phosphorus concentrations as well as
chlorophyll biomass strongly decreased revealing an improvement in lagoon water quality. In
summertime, the decline in phytoplankton biomass was accompanied by shifts in community structure
and composition that could be explained by adopting a functional approach by considering the common
functional traits of the main algal groups. These phytoplankton communities were dominated by
functional groups of small-sized and fast-growing algae (diatoms, cryptophytes and green algae). The
trajectories of summer phytoplankton communities displayed a complex response to changing nutrient
loads over time. While diatoms were the major group in 2006 in all the lagoons, the summer
phytoplankton composition in hypertrophic lagoons has shifted towards green algae, which are
particularly well adapted to summertime conditions. All lagoons showed increasing proportion and
occurrence of peridinin-rich dinophytes over time, probably related to their capacity for mixotrophy. The
diversity patterns were marked by a strong variability in eutrophic and hypertrophic lagoons whereas
phytoplankton community structure reached the highest diversity and stability in mesotrophic lagoons.
We observe that during the re-oligotrophication process in coastal lagoons, phytoplankton shows
complex trajectories with similarities with those observed in freshwater lake systems.
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1. Introduction

Eutrophication has been defined as a suite of adwsmsg@toms resulting from the nutrient
and organic inputs (De Jonge and Elliott, 2011). Highmass decreases light availability,
favoring among the primary producers the communi&f th most competitive for light,e.,
phytoplankton at the expense of macrophytes (Celwiaa., 2014). This over-production
causes a loss of diversity (Schramm, 1999; de Jandale Jong, 2002), habitat destruction
and mortalities due to anoxia (Smith, 2006; Carlteale 2008). These phenomena negatively
impact ecosystem health, result in increased vulnésata disturbances (Heemsbergen et al.,
2004; Worm and Lotze, 2006) and loss of ecosystewicesr (Bullock et al., 2011). In coastal
areas, which are characterized by strong demograpbigth, eutrophication has become a
serious threat since the 1950s (Nixon, 1995). Codatmlons are particularly sensitive to
eutrophication, since these systems tend to content@athropogenic nutrient inputs
(Knopper, 1994; Cloern, 2001; Kennish and Paerl, 2dL@)to restricted exchanges with the
sea and long water residence time (Boesch, 2002; Kerand Paerl, 2010; Glibert et al.,
2011).

In 2000, The Water Framework Directive (WFD) wasaglsshed in Europe requiring
member states to monitor the ecological and chengoality state of water bodies and
implement ways to achieve good status by 2021 (Stoeetal., 2006; Cartaxana et al.,
2009). Efforts have been made in many parts of thddwor combat eutrophication by
reducing nutrient inputs from watersheds and initiat®logical restoration. Ecological
restoration is well documented in lakes which havenbsubjected to water quality
improvement programs since the 70s (Jeppesen 208b,; 2007). Studies on lake restoration
have shown that the response trajectories duringigetaphication are not simply the
inverse of the previous eutrophication processes amd characterized by hysteresis.

Accordingly, the recovery of ecosystem functionsemftagged behind the reduction of
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external nutrient loadings, due to nutrient regeneration from sediments or the persistence of

turbid alternative states because of dense blooméybplankton or the presence of a pool
of easily resuspendable organic matter (Scheffet.el@93; Scheffer and Carpenter, 2003;
Sondergaard et al.,, 2003; Ibelings et al.,, 2007).aBee of these phenomena, re-
oligotrophication processes are difficult to underdtand predict for degraded systems (Van
Donk et al., 2008). Hence, ecological restorationegdly takes much longer thawater
degradation due to eutrophication. At first, it résuh modifications of the composition and
structure of primary producers communities. Phytoplamks$ generally the first autotrophic
compartment responding to the change of nutrientlabhily and other anthropogenic
pressures (Livingston, 2000; Paerl et al., 2003)estored lakes, this response has resulted in
considerable changes of phytoplankton biomass, contynstnucture and functional diversity

(Ruggiu et al., 1998, Anneville and Pelletier, 200@idfapi et al., 2013).

A functional approach to phytoplankton ecology apgegaarticularly useful to study the
adaptive responses of phytoplankton communitiesetoligotrophication. This approach is
based on defining the functional traits of specied thmpact on their performance and
survival (Violle et al., 2007) and, thus provides #tdreunderstanding of how phytoplankton
communities respond to environmental changes. Theifumat approach has been used to
understand how environmental changes or gradients ghytoplankton community structure
(Litchman et al., 2010). Some morphological and pHlggical traits particularly reflect the
phytoplankton adaptations to nutrient availabilitycts as cell size, maximum growth rate and
trophic regime (Litchman and Klausmeier, 2008; Liteémmet al., 2010). During re-
oligotrophication, the reduction of nutrient inputautd thus favor small cells, which compete
more effectively for nutrient uptake and show higbvgh rates (Chisholm, 1992; Kamenir

and Morabito, 2009; Litchman et al.,, 2010), and rrophic species that present some



92 advantages over strictly autotrophic cells (Anneville and Pelletier, 2000). These functional
93 traits highlight phytoplankton adaptations to the réidac of nutrient availability and
94  represent an interesting tool to evaluate the impachafging eutrophication status.
95  Since the implementation of the WFD, coastal watepsasent a major issue for management
96 and ecological restoration which has been used tstaiglesh ecosystems services. So far,
97 little is known about the responses of coastal estesys to ecological restoration (Vidal et
98 al., 1999; Duarte et al., 2009; Nixon, 2009). Theergditerature describes a diversity of
99 responses to restoration (Boesch, 2002; Elliott £t2807; Ho et al., 2008; Duarte et al.,
100 2009), including a decrease of primary productionleviphytoplankton biomass remained
101 stable (Philippart et al., 2007), reappearance ofropdayte communities (de Jonge and de
102 Jong, 2002), and decrease of biomass and frequenupah occurrence (Lie et al., 2011).
103  As shallow lakes, coastal lagoons have been pantigidabjected to cultural eutrophication
104  process due to nutrient over-enrichment from watelstad long residence time (Kennish
105 and Paerl, 2010; Glibert et al., 2011). Ecologicatomtion of coastal lagoons has started
106  recently and studies of this process are still c&oven the high variability and dynamics of
107 these systems, we can expect variable and compléxratsn trajectories. During the re-
108 oligotrophication process in a Mediterranean coaségoon (Collos et al., 2009),
109  phytoplankton community changes were similar to thmsgerved in some freshwater lakes,
110 i.e. characterized by the appearance of dinophytes species and small-sized cyanobacteria
111  (Ruggiu et al., 1998, Kamenir and Morabito, 2009). TReeults suggest some similar
112  responses of lakes and coastal lagoons to re-oligotaoim process.
113
114 In the South of France, to improve the ecologicaliguaf eight eutrophied coastal lagoons
115 close to Montpellier, a drastic and persistent radocdf anthropogenic nutrient inputs has

116  been achieved since December 2005, leading to amidgrat ecological restoration. In the
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framework of a monitoring network, these lagoons and sixteen other lagoons have been
monitored from 2000 to 2013 to assess their eutragibic status. These 24 lagoons
presented a large eutrophication gradient ranging bligotrophy to hypertrophy (Souchu et
al., 2010), the most eutrophied lagoons showed plat@dn dominance with high
biomasses (>100 ugChlal The phytoplankton size structure was dominated by small
eukaryotic algae (3-6 pm) with relatively high growates (Bec et al., 2008; 2011).

Prior to the reduction in nutrient loadings, the coempbf eight lagoons represented a
eutrophication gradient ranging from mesotrophic tgpdntrophic, including the most
hypertrophic lagoons of the region. This contextmaffieus a unique opportunity to study how
the initial eutrophication status of lagoons influesithe re-oligotrophication trajectories and
to assess the success of ecological restoration $e thighly degraded systems. We focused
on phytoplankton community shifts to investigate thmgpact of ecological restoration in
coastal lagoons for this range of eutrophicationltevdsing data from a 13-year monitoring
program, we describe changes of phytoplankton bionaask structure (i.e., size class
structure and community composition), by comparing tperiods: before and after the
nutrient reduction. In addition, after implementatadrthe nutrient reduction, HPLC pigment
analyses were added to the monitoring program. Tlosved us to study the dynamics of
functional and taxonomic groups as well as phytoptamktiversity, based on pigment

biomarkers, during re-oligotrophication trajectories.

2. Materials and methods

2.1. Sudied sites

The Palavasian lagoon complex is located on the Rredediterranean coast, near
Montpellier city (urban population 250 000 inhabignSince the 17th century, infilling and

human constructions have compartmentalized a laaiyeah lagoon to give rise to the current
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complex of eight interlinked shallow lagoons covering 38.8 kRig. 1). A major human
intervention was the building of a navigation careibtgh the natural lagoon oriented NE-
SW, named the Rhoéne-to-Séte canal which divided ¢imeptex into two parts (inland and
seafront lagoons). As a result, four of the eighbtats (i.e., the inland lagoons North Ingril,
Vic, Arnel, and Méjean lagoons) are bordered by wetlar salt marshes, which can act as a
buffer zone and regulate freshwater inputs fromwheershed. Four seafront lagoons (South
Ingril, Pierre Blanche, Prévost, and Grec lagoons) lacated between the Rhoéne-to-Sete
canal and the lido. Among them, South Ingril and Prélaggoons are connected to the sea
through artificial permanent inlets. The inland lagoans not directly connected to the sea,
but receive seawater indirectly by flow through thigaeent seafront lagoons and the Rhoéne-
to-Sete canal, which has many openings. In additanalization of the Lez River oriented
perpendicular to the Rhéne-to-Séte canal has condpteée compartmentalization of lagoon
complex. The Lez River, the main freshwater souraghefPalavasian lagoons, interacts with
some lagoons (Arnel, Méjean, Prévost and Grec) thramall channels. These multiple
canalizations do not account for sufficient waterereal of lagoon waters. The trophic status
and main characteristics of the lagoons as well asdah®ling stations are listed in Table 1.
For Méjean and Prévost lagoons, two zones correspgndd empirically defined
hydrodynamic compartments (Souchu et al., 2010), Hzeen considered for sampling
stations (see Table 1).

Effluents from the wastewater treatment plant ofNMuntpellier city district were discharged
into the Lez River until 2005. Through the many chdsmdescribed above, the nutrients from
these effluents have propagated into the differegvdas, which has resulted in on-going
eutrophication from 1965 to 2005. The eutrophicatyoadient ranged from hypertrophy in
lagoons close to the Lez river to mesotrophy in thetrevestern lagoons (Souchu et al.,

2010). In December 2005, the implementation of a nestewater treatment plant (Maera),
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and a diversion of its effluents through an outfall located 11 km off-shore in the
Mediterranean Sea has led to a sudden and drastictimdof the anthropogenic inputs of
nitrogen and phosphorus into the lagoons. This has bstimated as a reduction of 83 % of

N and 70 % of P (Meinesz et al., 2013).

2.2. Data collection

We exploited the database developed by the Lagoomitttong Network (Réseau de Suivi
Lagunaire), which comprises data from 2000 to 20138ssess the eutrophication status of
lagoons in the Languedoc-Roussillon region (Souchal.ef010). Sampling was carried out
during summer periods, when temperature and irradiame optimal and allow maximal
primary production. For the Palavasian lagoon, the d&ations (Table 1) were sampled
monthly in June, July, and August from 2000 to 2008. each date, subsurface water
samples were collected with 2 L polypropylene bottl€emperature and salinity were
recorded with a WTW LF 197 field sensor. This databesmprised the concentrations of
dissolved inorganic nitrogen (DIN = NG NH; + NO,, uM) and phosphorus (DIP, uM),
total nitrogen and phosphorus (TN and TP, uM). Ib asluded water column chlorophyll a
concentrations (Ch, pgChla.LY) as a proxy for phytoplankton biomass. Chl a concentration
were measured by spectrofluorimetry (Neveux and Laa{di993) with a Perkin-Elmer LS50
B and pico- and nano-phytoplankton abundance$ ¢alils.L') counted with a FACSCalibur
flow cytometer (Bec et al., 2011). Based on cytornesmalysis, different size classes of
phytoplankton were identified: Phycoerythrin-rich ggganobacteria{1 um, PE-CYAN),
autotrophic picoeukaryotes<§ pum, PEUK), nanoeukaryotes (> 3 um). The analytical
protocols have been described in detail by Souchal.e{2010) and details on filtration,

conservation and analysis of phytoplankton sample® Heeen described by Bec et al.,



191 (2011). Rainfall data were obtained from Météo France (Fréjorgues station, data publicly
192  available online at Coparaison climatologique annuelle - Infoclimat).

193

194  2.3. HPLC determination of pigment diversity

195 Since 2006, phytoplankton pigment diversity based HIALC pigment analysis have
196 complemented the database, to investigate on plagikiph composition by
197 chemotaxonomic identification of main groups. In ldgoratory, exact volumes between 250
198 to 500 ml of water, depending on phytoplankton bisnagere filtered onto Whatman GF/F
199 filters (47 mm diameter) and stored at -80°C untillgsia.

200 Pigments were extracted with 2.5 mL of 100% methanolhe dark at 4°C for 5 min.
201  Samples were then sonicated 5 times for 10 sec (268)\nd spaced by 10 sec in ice to
202 avoid an excessive heating of the extract. After 10 im the dark at 4°C, extracts were
203 filtered on cellulose acetate filters (0.45 um paee)sto remove filters and cell debris. An
204  aliquot of 600 pL was diluted with 150 pL of Milli-@ater. A volume of 150 pL of this mix
205 was injected to the HPLC system, a Waters D600 eagnp. Chlorophylls and carotenoids
206 were detected by a Waters 2996 photo-diode arrayctdetéoptic resolution 1.2 nm), from
207 400 to 700 nm. Chlorophylls and their derivatives avalso detected by a 2475 Muki
208 fluorescence detector, from two canals, to optimize ¢hlorophylla (canal A: 412 nm
209 Excitation — 650 Emission) and the chlorophplland c2 detection (canal B: 440 nm
210 excitation — 650 emission). Pigment extracts werdyaad using the method of Wright et al.,
211  (1991) with a flow rate of 1 ml.mihand a run duration of 29 min. Solvent delivery was
212  programmed following a sequence of three linear gradias follows (minutes, % solvent A,
213 % solvent B, % solvent C): (0,100,0,0) (2,0,100,0) (18,0,20(80)0,100,0) (24,100,0,0)
214 (29,100,0,0). Solvent A consisted of 80:20 (v/v) methaammonium acetate (0.5 M),

215 solvent B consisted of 90:10 (v/v) acetonitrile t&raand solvent C consisted of ethyl acetate.



216 The HPLC system was calibrated with external standards (DHI Water and Environment,
217  Harsholm. Denmark). Chromatograms were extracted at @0 and pigments were
218 identified by comparison with a spectral library é$ithed from the pigments standards basis
219 and by checking elution order and absorption spd&oy et al., 2011), using the software
220 Empower Pro 3. Each peak was checked and the bassdidgisted to minimize errors due to
221 noise. They were then quantified by using peak ax@apared to standard calibration curves
222 (ng.LY). Pigments dominant in phytoplankton groups were used as markers of these groups.
223  We used fucoxanthin (fuco) as biomarker for fucoxamtich diatoms, peridinin (peri) for
224  dinophytes, and alloxanthin (allo) for cryptophyteBugtillos-Guzman et al., 2004). In
225 addition, prasinoxanthin (pras) was used as a biom#&okerasinophytes, while chlorophyll
226 b (chl b), lutein (lut), violaxanthin (vio), neoxanthin (neo) and zeaxanthin (zea) were
227  considered as characteristic for green algae (Chlgtaphn the lagoons, the Chlorophyta are
228 mainly represented by chlorophytes and prasinophifmxanthin is, however, also present
229 in cyanobacteria (Wright et al., 1991; Sherrard gt24l06; Eker-Develi et al., 2012). 19'But-
230 fucoxanthin (but-fuco) and 19'Hex-fucoxanthin (heied) have been used for haptophytes
231 (Wright et al., 1991; Zapata et al., 2000; Paerl.eQ03).

232

233 2.4, Satidtical analysis

234  Non-parametric comparisons of Chl TP, TN concentrations have been performed by
235  Wilcoxon test (R) to compare before (2000-2005) after §2006-2013) the diversion of the
236 effluents of the waste water treatment. Spearmanis carrelation has been used to describe
237  the links between environmental parameters and bgabgariables.

238 The effects of the pre-eutrophication status of @ngobn for its response to the sewage
239 diversion were tested by using two ways ANOVAs (lagamid time effects for the tested

240 variables: Chla concentration, pico- and nano-eukaryotes abundances). When data did not

10



241 satisfy the conditions of applications (normality, homoscedasticity and independence of
242  residuals), they were log-transformed. If they stild not satisfy conditions, we used
243  Permanova (Anderson, 2001). Pairwise comparison wist-hoc Tukey tests helped to
244  separate lagoons into groups. To assess differenadisavfity between lagoon and changes
245 in time, diversity index of Shannon (Ds), and evesnesing the number of main
246  phytoplankton groups were estimated, from the anmuedian of summer pigment
247  concentrations. It represented diversity of main pplignktonic groups. Two ways ANOVAs
248  were then performed on these indexes to assesgdf Were differences between lagoons or
249  between years for these two parameters.

250 To characterize lagoons, spatio-temporal differemecgsgment diversity and concentrations
251 were described using non-parametric multivariate yamalof variance (Permanova) and two
252  between-class principal component analyses (betwless-a?CA), which considers one
253 qualitative variable (here, either the year or tigotm) (Pélissier et al., 2003). Then, Monte-
254  Carlo tests were used to check significances of reiffees between groups (Tournois et al.,
255 2013). These PCA were operated on most of the pitgnidentified, except those rarely
256 identified, with low concentrations, and which did pobvide any additional information to
257  this analysisge.g. phaeophorbida, and 19’but-fucoxanthin. All the statistical analyses were
258  operated with the R software (R Core Team, 2013)

259

260 3. Results

261 3.1 Characterization of the lagoons for the entire monitoring period (2000-2013)

262  During summer, both the average temperature and \thdations in the lagoons were very
263  similar,i.e. around 25 °C with a range between 20 and 31 °C, respectively. A salinity gradient
264  was observed from MW, the less saline lagoon statidoject to recurrent freshwater inputs

265 from the Lez River, to IS without freshwater tribii¢és and connected with the sea by an inlet
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(Table 2). The lagoons also presented a trophic gradient, from mesotrophy (IN, IS) to
hypertrophy (MW) based on the Glbnd total nitrogen and phosphorus concentrations (TN,
TP). Based on the entire period (2000-2013), medidureseaof chlorophyll ranged from 3.7
HgChh.L™ at IS to 83.1 pugChIL™ at MW, and median values of TN and TP ranged from
30.7 and 0.9 uM, respectively at IS to 196 and 12M yespectively in MW (Table 2). The
trophic and salinity gradients appeared inversehalagoons as illustrated by significant
negative correlations of the three eutrophicationcatdirs (Chla, TN and TP) with salinity
(Psaiinity= -0.15; prn= -0.32; prp= -0.31; p-values < 0.05, Spearman correlation, R).

Within the phytoplankton community, the highest valwé biomasses and abundances were
generally observed before the diversion. Thus, theirman Chla concentration was 413
ng.L* observed in June 2004 at MW, in the most hypertrophic lagoon, although a strikingly
low value of 0.09 pg.t was observed in July 2002 at IN, the inland mesotrophic lagoon
(IN). Picoeukaryote abundances ranged from 2.9 %c#lls.L'* in the inland mesotrophic
lagoon (IN) in June 2004 to 2.2 x ‘E@ells.L* in an inland eutrophic lagoon (AN) in July
2004. Nanoeukaryote abundances ranged from no deteells in several lagoons (GR, IN,

IS, MW) in summer 2001 to 2.4 x i@ells..* at ME in June 2003. Phycoerythrin-rich
picocyanobacteria were present in low abundances cechp@ picoeukaryotes. Their
abundances ranged from no detected cells in sewagabhs (MW, VC and PB), during the

summers of 2001 and 2002, to 1.1 X &6lls.L’* at MW in June 2004.

3.2. Changes in eutrophication indicators before and after effluent diversion

The TN, TP and chlorophyla concentrations showed strong variations during the entire
period, which were partly related to the changes reeémd after effluent diversion. These
three variables decreased significantly after theienttdiversion for all the lagoons (Table

3), showing a decrease of the eutrophication pesthitiy the implementation of the

12



291 diversion. Median values of TN, TP and Cal decreased for the period 2006-2013
292  (respectively, 47 pM, 1.9 pM and 3.4 pgChid.in comparison to the period 2000-2005
293  (respectively, 84 uM, 3.8 pM and 23 ugChld.Lin contrast to the three variables, there was
294  no general trend for the three forms of dissolvedganit nitrogen (N@ NO,, NH,) since
295 the concentrations were not systematically diffetmfore and after effluent diversion. NH
296 represented the main source of DIN before (77%) afted (71%) the effluent diversion.
297  Phosphate concentrations (B{showed no significant differences between the two periods.
298 Two-way ANOVA and Permanova (see Methods) showedtti@tChla concentrations, the
299 TN and TP concentrations (for Cal TN and TP concentrations: Two way ANOVA, p-value
300 < 0.05) and the picoeukaryote abundances (Permapaadiies < 0.05) significantly differed
301 among lagoons. Posthoc pairwise Tukey test onaCtancentrations allowed separating the
302 lagoons into three groups (Table S1).

303 The first group was characterized as hypertrophiciaddded three lagoons (AR, GR and
304 both stations (ME and MW) of Méjean lagoon). The secgralp was characterized as
305 eutrophic and comprised three lagoons (PB, VC art bations (PE and PW) of Prévost
306 lagoon). The third group was characterized as mesotr@td comprised two lagoons (IN
307 and IS). Within each group, the lagoons showed aaimesponse to the nutrient reduction
308 (i.e. no significant effect of lagoons within groups according to the Anova and posthoc test, p-
309 value > 0.05). Hence, we selected one station in gamlp to illustrate the impact of trophic
310 status on the lagoon responses to the re-oligotrapbicprocess. For each group, we chose
311 stations in inland lagoons under the direct influeléewatershed discharges and more
312 sensitive to potential nutrient loadings than thefreas lagoons. Hence, MW, VC and IN
313 stations were selected to represent the hypertroghittophic and mesotrophic inland

314 lagoons, respectively.
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The impact of the trophic status of the selected lagoons on the phytoplankton responses to the
re-oligotrophication process was investigated by camgaChla concentrations (Fig. 2) and
picoeukaryote and nanoeukaryote abundances (Fig.f@)eband after the diversion. Chl
concentrations were significantly reduced (mean coi®spa all lagoons, p < 0.05) with a
decrease of 90.4%, 65.4 % and 79.9 % in the hyperttoffV), eutrophic (VC) and
mesotrophic (IN) lagoons, respectively (Fig. 2).deitkaryote abundances were reduced by
60.5% and by 81.8 % in hypertrophic (MW), and mesotmgN) lagoons, respectively (Fig.
3). In contrast, in the eutrophic lagoon (VC) forq@akaryotes the difference before and after
the diversion was not significant (mean comparisonjalpe > 0.05, see Fig. 3B).
Abundances of nanoeukaryotes did not show a gloealdtfor the three lagoons (mean
comparison all lagoons, p-value > 0.05). @ldoncentrations and picoeukaryote abundances
were significantly correlated, showing that the respoon$ the lagoons to the nutrient

reduction was particularly well reflected by the pickaryotes.

3.3. Phytoplankton responses after the reduction of effluent nutrient loads

Since 2006,i.e. after nutrient reduction, phytoplankton biomass measured in summer
decreased in the three selected lagoons (Fig. 4).d€heease of Chh concentrations was
particularly pronounced between 2006 and 2007 andndepeon the trophic status of
lagoons. Hence, summer Ghkoncentrations were reduced by 87.7% in MW, 22.4% in VC
and 46.2% in IN between 2006 and 2007, reaching medues of 1.7 pgChlait in
mesotrophic lagoon (IN) to 9.8 pgChld.lin hypertrophic lagoon (MW) in the summer of
2007 (Fig. 4). Since 2007, the mean @htoncentrations remained below 10 pgChibith

the three selected lagoons, except in 2011 in thertigphic lagoon (MW) where the mean

concentration reached 20.1 pgChla.L

14
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Since 2006, in parallel to phytoplankton biomass, phytoplankton community pigment
composition was determined (Table 3). The total sumeumncentration of accessory
pigments in the three selected lagoons showed the smtiern as observed for Cal
concentrations, with the highest pigment concentratimesasured in hypertrophic lagoon
(MW) and the lowest pigment concentrations measuradst in mesotrophic lagoon (IN).

In the hypertrophic lagoon (MW), fucoxanthin was tfmeninant pigment in 2006, indicating

a dominance of the fucoxanthin-rich diatoms (Tablen8 Fig. 5A). Green algae pigments
(Chl b, lutein, neoxanthin, violaxanthin, prasinoxanthin, and zeaxanthin) showed also high
concentrations (more than 5 pg)land proportions. We could safely assume that the bulk of
zeaxanthin was associated with green algae, since amewdaf cyanobacteria were
systematically low in the lagoons. In contrast, ineéophic lagoon (VC) peridinin showed

a high proportion in 2006 (45.4%) indicating a domicexof dinophytes. In the mesotrophic
lagoon (IN), proportions of pigments were more equdistributed and fluctuated less than in
the other lagoons (Fig. 5) suggesting increased plamfn diversity.

The temporal patterns of the mean values of thé émtzessory pigment concentrations were
similar to those of phytoplankton chlorophylbiomass. Concentrations of total accessory
pigment strongly decreased between 2006 and 2007, &@8% in hypertrophic (MW),
65.8% in eutrophic (VC) and 50.3% in mesotrophic (ljoon but increased in 2011, with
284%, 34.6% and 15.5% in the hypertrophic (MW), eutrogliC) and mesotrophic (IN)
lagoons, respectively.

Figure 5 shows the time course of the proportionshefaccessory pigments in the three
selected lagoons. In the hypertrophic lagoon (MW), fttemxanthin proportion dropped (-
99.7%) between summers 2006 and 2007 and this decceasinued until 2011 (Fig. 5A).
This reduction of the fucoxanthin concentration cmlad with a strong increase of the

proportion of green algae pigments (@hllutein, neoxanthin, violaxanthin and zeaxanthin)
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during the same period. The proportion of green algae pigments remained high during all the
monitoring and reached almost 80% during four yeapst¢ 85.4% in 2007). The year 2011
was marked by strong shift in pigment compositiorhwiite lowest fucoxanthin concentration
(diatoms) and the highest concentrations of greeaeafggments. On the contrary, the year
2012 is marked by a decrease of green algae group (988% pigment proportions). The
alloxanthin, marker of cryptophytes, increased a2606 and its proportion fluctuated
between 0.02 % in 2006 and 22.4% in 2013. Peridmarker of dinophytes, was below 1%
in 2006 and fluctuated between 2007 and 2010. In 20h2n green algae decreased,
peridinin concentration strongly increased in assmriavith Chlc2 and diadinoxanthin and
became the main phytoplanktonic group in 2012 and 204r8d{nin proportion > 30%).

In the eutrophic lagoon (VC), phytoplankton pigmemmgposition was dominated by
peridinin, Chl c2 and dianodinoxanthin during all the monitoring (Fig. 5B). Peridinin
proportions were higher in this eutrophic lagoon timhypertrophic (MW) and mesotrophic
(IN) ones. Peridinin tended to decrease until 2040.5% in 2008), but highly increased in
2012 and 2013 (respectively, 51.2 and 38.5%). Intresh alloxanthin (cryptophytes)
remained stable during the monitoring (up to 10% wpprtions). Diatom pigment increased
and fluctuated between 2008 and 2011. As for hypertcof@goon, the year 2011 was
marked by a temporary increase of green algae pignfeptto 40% in proportions).

In the mesotrophic lagoon (IN), diatoms and cryptapby pigments (respectively,
fucoxanthin and alloxanthin) were dominant during tBeear monitoring (Fig. 5C).
dinophytes and prasinophytes pigments (respectiveligipin and prasinoxanthin) occurred
more since 2010. The proportion of green algae pigsnéaottuated, during the entire
monitoring period, between 2% in 2008 and 40% in 20dlthe three selected lagoons,

19’hex-fucoxanthin and 19’but-fucoxantthin were rargbserved (haptophytes).
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Based on the chemotaxonomic analyses, the Shannon diversity and Evenness indices (see
Methods) have been calculated as proxies for phyt@pa diversity through the 8-year
monitoring period (Figure 6A). Globally, the number ofain phytoplankton groups
significantly changed during the survey. The richne$smain taxonomic groups was
significantly lower during the period from 2007 to 2Q@%r 5 groups) than in 2006 and after
2010 (6 groups). The low diversity during theseegdars reflected that the community was
dominated by diatoms, green algae and cryptophy@seSiifferences of the richness also
appeared depending on the trophic status of lagdom&as lower in hypertrophic lagoons
than in mesotrophic ones, and lower in mesotroplgodas than in eutrophic ones. Pooling
all years, there was a significant higher diversgfignnon diversity index Fig. 6A,s0n the
mesotrophic lagoon (IN) compared to the hypertrogagoon (MW), but there was no
significant difference between mesotrophic (IN) ahd eutrophic (VC) lagoons (two-ways
Anova and posthoc test, p-value > 0.05). The everste®sed also significant lower values
in the hypertrophic lagoon (MW) compared to the nregdtic (IN) one, because of the green
algae dominance in MW (Figure 6B).

In the hypertrophic lagoon (MW), diversitysD3ignificantly fluctuated during the 8-year
monitoring (Fig. 6A). It firstly decreased from 20(IBs= 0.49) to 2007 (B= 0.20) and then
increased between 2007 and 2009<[D.70). It decreased again between 2009 and 2041 (D
close to 0.20) and finally increased to reach a makidg value in 2013 (D= 0.74). These
changes illustrated shifts in phytoplankton communodynposition. The low values ofsn
2007/2008 and in 2010/2011 are related to the pretime of green algae (Fig. 5A) during
these four years. Evenness values showed the sateenpah time as that of the Shannon
diversity index (Fig. 6B). It strongly decreased whgreen algae was the dominant

phytoplankton group. After 2011, it increased to heigg highest value in 2013.
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In contrast, in the eutrophic lagoon (VC) iDcreased from 2006 to 2008 (from 0.36 to 0.71)
and stayed relatively stable to reach 0.77 in 20tk diversity decreased strongly in 2012
(Ds= 0.27, lowest diversity) and stayed lower in 2013 €00.50) than between 2007 and
2011. Evenness increased from 2006 to 2009 (0.43 to @m@P)hen fluctuated to finish with
an intermediate value (E = 0.61) in 2013.

In the mesotrophic lagoon (IN), diversity and evessnsignificantly changed over time,
decreasing between 2006 and 2008 to reach the lovabsts (respectively, 0.47 and 0.63,
Figure 6) in 2008. From 2009 to 2010, diversity imegdiencreased and stayed relatively stable
to reach the highest values in 2013 (respectively, @ib0.91, Fig. 6). The lowest diversity
and evenness values observed in 2008 were assodiatehe dominance of two

phytoplanktonic groups (diatoms and cryptophytes, 5@).

3.4. Lagoons trajectories based on pigment diversity

In order to study whether the patterns observedHherselected stations are robust for the
entire Palavasian lagoon complex, multifactoriallgs@s were performed using accessory
pigment database from the 10 stations of the comfuexhe 8-year monitoring. It was
observed that pigment composition (concentrationdawversity) significantly changed among
stations (Permanova, F = 5.29, df = 9, p-value = 0,001 years (Permanova, F = 4.49, df =
7, p-value = 0.001). Moreover, the interaction betwelee two factors also showed a
significant effect (Permanova, F = 1.54, df =59, juea 0.001), indicating that the temporal
patterns were different among stations. The prinapatponent analysis (PCA) was used on
both lagoon stations (Fig. 7) and years (Fig. 8) liccidate phytoplankton composition
patterns in relation to lagoon trophic status ancetiffor each of the two PCA, the results
were significantly different (Monte-Carlo test, p-wal = 0.001), although the ellipses

representing each group (either lagoons or by yeaeslapped.
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The first PCA showed differences between lagoons (Fig. 7). The first axis explained 71% of

the total variance, and was mainly driven by pigmenéskers of the green algae (lut, neo,
chl b, viola and zea), prasinophytes (prasino), diatoms (fuca2kliadino), associated with

total biomass. The second axis explained 16.5% ofdata¢ variance and opposed pigments
markers of dinophytes (peri) and cryptophytes (alhopositive against pigment marker of
haptophytes (Hfuc) in negative (Fig. 7A). The fiegts is correlated with pigments that are
characteristic for the phytoplankton groups whichemkanced by eutrophication (i.e., green
algae, diatoms) and a marker of eutrophication @hThe position of the center of gravity

of the ten stations in this projection showed two graafpstations: the three most eutrophic
stations (ME, MW, GC) strongly separated from the othees (Fig. 7B-C). The group of

hypertrophic stations presented a very large elljpggesting a strong variability of pigment
concentrations. Their center of gravity was alsotleda&lose to Ché, indicating an elevated

biomass in these stations compared to the otherse Muacisely, they are located in two
different directions: MW and ME were close to greégaa pigments, while GC is closer to
pigments from diatoms and cryptophytes indicatimpainance of these three phytoplankton
groups with eutrophication. The second group of atatipresented lower concentrations of
pigments for all the phytoplanktonic groups. Among tioup, the centers of gravity of the
different stations ranged from positive to negatil@ng the axis 2, reflecting the trophic

gradient ranging from the most (AN) to the less eutregliiS) station. Their positions along
the second axis reflect some differences in the phgmégpdn composition along this gradient.
Eutrophic lagoons (AN and PB) were close to cryptogbyand dinophytes pigments. On the
opposite, mesotrophic lagoons (IN and IS) and Prégekt PW), a lagoon under marine
influence, showed a very low phytoplankton biomass piggnent concentrations, and a

stronger signal of haptophytes pigment.
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464 The second PCA showed differences between years (Fig. 8). The first axis explained 73% of
465 the total variance, and was mainly driven by the mgmestimating total phytoplankton
466  biomass (Chh), pigment markers of diatoms (fuco) or mostly abundant in diatoms (diadino,
467  Chl c2), and pigment marker of prasinophytes (prasino). The second axis explained 17% of
468 the total variance and was mainly driven by pigmeatkar of cryptophytes (allo) and green
469 algae in positive, opposed to pigment marker of jpligtes (peri) and haptophytes (19'Hex-
470 fuco) (Fig. 8A). The vectors of the pigment markerscofptophytes and dinophytes were
471 opposed in the first two planes of the PCA (Fig. 8Ahe projection of the pigment
472  composition of the ten stations showed that 200Gt from other years by a stronger
473  concentration of the pigments driving the first kigy. 8B). The phytoplankton biomass was
474  still high in summer 2006, six months after the diem (Fig. 4), and diatoms were the main
475 group in the ten stations, with a higher fucoxantbamcentration compared to the other
476  pigments that explain the position of the center gyawf this year on the axis 1. The
477  following years are distinct from 2006 along the ajshowing a change in phytoplankton
478  biomass and composition (Fig. 8B-C). Their positindicate a strong decrease of the &hl
479  concentrations and shifts in phytoplankton compositigith a decrease of diatoms and an
480 increase of green algae principally in 2007 and 2G08m 2007 to 2012, each center of
481 gravity showed a displacement along the axis 2, inditection of the pigment marker of
482  dinophytes, indicating an increase of the occurr@mzkethe concentration of the peridinin in
483 time. 2011 is characterized by a return to pigmentkera of green algae, as described in
484  figure 5. Finally, 2013 also differed from the glolis#nd, with a community composition
485 close from those in 2010, less dominated by dinoghyteore balanced between all the
486  pigments identified.

487

488 4. Discussion
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This study represented a unique opportunity to assess the impact of re-oligotrophication
processes in shallow Mediterranean coastal lagooromjunction with their contrasting
trophic states. The results show that phytoplankéspanded quickly, and that the amplitude

and qualitative changes depend on the prior eutrapbitstatus of the lagoon.

4.1. Phytoplankton chlorophyll biomass in heavily eutrophied lagoons

Before the reduction of the nutrient loadings, thelaRasian’ lagoons were strongly degraded
by regular inputs of nitrogen and phosphorus fromaté@ sewage. The most hypertrophic
lagoons Méjean and Grec presented &tbncentrations close to those found in hypertrophic
lakes (Jeppesen et al., 1998; Bell and Kalff, 2001}hese lagoons, phytoplankton was the
major primary producer, with excessive blooms leadimga complete loss of seagrasses
communities and low macroalgal cover probably duecdmpetition for light. Eutrophic
symptoms associated to water quality degradatioralaviasian lagoons can be illustrated by
the succession of primary producers (Schramm, 1988kd et al., 2008), ranging from a
moderate impact, with presence of some macroalgéseagrasses (IN and IS), to more than
the high impact, i.e., dense phytoplankton withoutctoalgae (ME, MW, GC). The
phytoplankton dominance may be related to its stromgacity to compete for dissolved
nutrients and light (Cebrian et al., 2014).

After the implementation of the diversion, TN, TP & a biomass responded quickly by a
strong decrease within two years after the nutriegitiction, whatever the prior trophic status
of the lagoons. Although such a decrease has alrds@bn observed during re-
oligotrophication processes in lacustrine (Ruggiwalet 1998; Jeppesen et al., 2005; Van
Donk et al., 2008), riverine or coastal ecosystemaE(K et al., 2005; Greening and Janicki,
2006; Xu et al., 2010), it is highlighted that in $becoastal lagoons, the response was quick

compared to the other systems. Hence, the reduationlorophylla in the Tampa bay took 5
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years (Greening and Janicki, 2006), and the reduction of TN and TP in lakes took about 5 and
10-15 years, respectively (Jeppesen et al., 2005).antq@itude of the decrease of Cdl
biomass was strongly linked to the prior trophicugadf the lagoon, and was mainly driven
by the decrease of picoeukaryote abundances. Stesdyraitrient conditions observed in
these lagoons resulted in massive picoeukaryote ldpobserved particularly in eutrophic
and hypertrophic lagoons (Table 2). These picoptam&tblooms often represented the
dominant fraction of Ch& biomass throughout summer (Bec et al., 2011) leading to a strong
depletion of nutrients in these highly eutrophiedtays (Souchu et al., 2010). These
phenomena could explain the absence of significamiggsafor the inorganic nitrogen and
phosphorus concentrations after the reduction ofignitrloadings. The rapidity of the
responses of coastal lagoons could also be assotiatadorable climatic conditions during
the five years (2006-2010), characterized by low oramtfall during summer Comparaison

climatologique annuelle - Infoclimat”), reducing non-point source nutrient loads.

4.2. Phytoplankton functional taxonomic groups

Small cells (< 10 um) are the typical dominant ppidokton in lagoonal algal blooms

(Glibert et al., 2010; Bec et al., 2011; Pachés et 28114). In the Palavasian complex,
phytoplankton community was often dominated by sisiak classes, most belonging to pico-
(2-3 um) and nanoeukaryotes (3-6 um) (Bec et al., 2044jpr functional/taxonomic groups

were represented by diatoms, green algae, cryptophwed dinophytes. Among them,
diatoms, green algae and cryptophytes are functgnoalps composed of fast-growing algae
that may have been favored in response to high actufiting nutrient loadings (Paerl et al.,
2006; Paerl et al., 2010) such as observed in lagdtmsever, these functional groups that

exhibited contrasting ecological strategies, esplgaialresource utilization (Litchman et al.,
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2007), responded differently to the reduction of effluent nutrient loads in conjunction with
lagoon environmental changese(salinity, light, turbulence).

Diatoms were present in all the Palavasian lagoonswaard particularly dominant in the
most eutrophic lagoons in 2006. In many coastal Bystediatoms dominated the
phytoplankton community when silicate concentratiomese sufficiently high to sustain their
growth (Lie et al., 2011; Burford et al., 2012). Palavasian lagoons, it has been suggested
that silicate concentrations may not be limiting thatom growth (Souchu et al., 2010).
Diatoms, with high maximum nutrient uptake rates aigh growth rates, may be favored
under high or fluctuating nutrients (Litchman et 2D07) and are not inhibited by turbulence
associated with those nutrient regimes (Margalef, 19¥Ryreover, diatoms have a high
nitrogen affinity, especially small-sized specied¢hman and Klausmeier, 2008; Litchman et
al., 2009) making them really competitive comparedtteers. Thus, this functional group is
well adapted to dominate highly eutrophied waterstiqdarly in coastal waters under
freshwater discharges or sewage influence (Paetl,2(40; Lie et al., 2011; Gadea et al.,
2013). Furthermore, diatoms with low half-saturaticonstants for irradiance-dependent
growth (Litchman et al., 2007) could be more adaptethe low irradiance associated with
high chlorophyll concentration in eutrophic and hypsrhic systems (Sommaruga and
Robarts, 1997). In terms of seasonal dynamics, detgooms in temperate coastal systems
occur mainly in spring but may last during summenufrients are continuously supplied and
not entirely consumed (Chisholm, 1992; Agawin et200Q0; Chang et al., 2003). Throughout
the year, the continuous discharge of sewage effltemnilted in high nutrient loadings in
lagoons that may sustain diatom growth (Lie et al., 2@Lkford et al., 2012). Then, the
reduction of effluent nutrient loadings could affd@tom growth, particularly during the dry
summer period, leading to the large decrease of aAmhin-rich diatoms. This decrease was

particularly observed in the hypertrophic lagoonsveen 2006 and 2007, suggesting a time
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lag between reduction of nutrient loading and changes of phytoplankton community
composition. In these lagoons, the phytoplankton coitippsas shifted towards green algae
dominance. Temperature also plays an important rolethe phytoplankton seasonal
succession. Many green alga€hlorella, Scenedesmus, Cosmarium) have optimal
temperature for growth between 25 and 35°C (Litchmetaal., 2010). After 2006, the shift
from diatoms to green algae dominance during suncowdd thus be explained by the shift in
nutrient delivery (decreasing external inputs) andhigyy summer temperatures.

Small Chlorella-like algae were the main component of the picoeukaryote community in the
eutrophic Palavasian lagoons before the reductionutrient loadings (Bec et al., 2011).
After 2006, green algae (chlorophytes and prasingshywas also a major functional group

of phytoplankton community in the 3-6 um size rangé eeplaced small diatoms especially
into hypertrophic lagoons (ME, MW, GC). Because oirthggh S:V ratio, efficient growth
rates and enhanced nutrient uptake rates (Paerl.,eR@3), green algae appear more
competitive than other phytoplankton functional grotpsise regenerated forms of nutrients

in the lagoons (Glibert et al., 2010). Indeed, bentituxes are an important source of
nutrients (NID and DIP) in coastal lagoons, especidliring summer, and may result in high
NH, efflux from the sediment to the water column (Glibert et al., 2010). Even if the effluent
diversion has resulted in a strong reduction of tkieraal nutrient supply, internal supply
from benthic stocks related to eutrophication coutindate phytoplankton growth
(McGlathery et al., 2007; Burford et al., 2012). Gredgae have abilities to use ammonium
from regenerated sedimentary stock (Domingues eR@l]; Donald et al., 2011) and have
particularly high affinity for ammonium uptake comedrto diatoms and dinophytes
(Litchman et al., 2007).

Furthermore, the eutrophication gradient in the Palawalagoons is highly linked to

freshwaters inputs. Green algae were mainly obsdrvédackish and hypertrophic lagoons
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such as Méjean lagoon (Table 2). This phytoplankton functional group is tolerant to low
salinity as observed in freshwater and brackish ebdsgoons (Coelho et al., 2007;
Cartaxana et al., 2009; Pachés et al., 2014) andeis observed in hypertrophic systems such
as lagoons under high freshwater inputs (Torres alRialel995; Bonilla et al., 2005) and
lakes (Wasmund and Kell, 1991; Hepperle and Krierd@)1). So both low salinities and
high trophic status could explain the predominantecldorophytes in some Palavasian
lagoons. Flagellates such as Prasinophytes and crypésplpresent in the most eutrophic
lagoons also seems to be promoted by low salini#esilla et al., 2005).

Cryptophytes were present in high proportions in Baavasian lagoons where they can
respond quickly to nutrient loads due to their higlowgh rate (Paerl et al., 2003). In
mesotrophic lagoons, it allowed them to be more camneethan picoeukaryotes that were
less abundant. This taxonomic group is well adaptetutbid and low light environments
such as coastal and estuarine waters due to phatoatoh (phycobilins and alloxanthin
pigments) to low light intensities (Bergmann, 2004eiWy et al., 2009; Fischer et al., 2014).
Microscopic observations of the ciliat®lesodinium rubrum, in some Palavasian lagoons
suggest that cryptophytes could be also a potewiial $ource for the mixotrophic dinophytes
(Paerl et al. 2003; Myung et al., 2011).

Dinophytes were scarce or absent in mesotrophic gpertiophic lagoons in 2006. In many
coastal waters, dinophytes occurrence is generdliypuated to eutrophication (Anderson et
al., 2002; Heisler et al., 2008). However in the talalkgoons in the South of France,
dinophytes have been reported mainly for oligotropfuncl mesotrophic marine lagoons
(Collos et al., 2009; Bec et al., 2011). Hence, isvgaggested that habitat disturbance,
species displacement and low turbulence could favoopiiytes occurrences. Due to
relatively low growth rates, it is expected that thuactional group is better adapted under

low-nutrient and low turbulence conditions (Margaled78). After the nutrient reduction, all
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lagoons showed increasing proportion and occurrence of peridinin-rich dinophytes with time.
In eutrophic lagoons, the phytoplankton compositios $tafted from diatoms to dinophytes.
This shift has already been observed during the igptobphication of coastal ecosystems
caused by a reduction of phosphorus loadings (Yan@ara003; Collos et al., 2009). In these
systems, the depletion of inorganic phosphorus mag teal to blooms of dinophytes that can
utilize dissolved organic phosphorus (Seto Inland) $e picocyanobacteria as an additional
resource (Thau lagoon). Thus, the ability of dinophyto grow while the availability of
inorganic nutrients decreases could be related tw #imlity to supplement their photo-
autotrophy by mixotrophy (Smayda and Reynolds, 20@8hman et al., 2007). Mixotrophy
could provide a unique resource niche under steadg-summertime conditions in coastal
and estuarine environments (Stickney et al., 2000reshwater lakes, mixotrophic flagellate
species (dinophytes, chrysophytes, cryptophytes) appeared or increased during the re-
oligotrophication process (Gaedke, 1998; Anneville Batletier, 2000; Van Donk et al.,
2008). In lake Constance, it has been argued thaintketrophic properties oDinobryon
(chrysophyte) are an advantage in phosphorus-potrsvand its increasing biomass may be
explained by the increasing underwater light dueh® decreasing biomass of the other
phytoplankton groups (Kamjunke et al., 2007). Thehawst suggested that the increased
underwater light availability promoted the autotrapenergy gain (phagotrophic phosphorus
gain) ofDinobryon. On the other hand, as large phytoplankton biomass blooms decreased, the
shift in species composition may have led to greptervalence of some species such as

dinophytes that can fill that niche (Anderson et2002).

4.3. Phytoplankton trajectories during re-oligotrophication process

The functional approach was used to understand tyimlankton community patterns since

the re-oligotrophication started in the Palavasiagodns. The analysis of four major
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functional phytoplankton groups, through algal strategies and adaptations, revealed that the
trajectories of the phytoplankton community display@domplex response to changing
nutrient loads over time. The trajectories of coastalsystems during re-oligotrophication
may be more complex than expected as other contrimriamaybe changing at the same time
(Duarte et al., 2009).

During the 8-year lagoon monitoring, the decreasehtdrophyll biomass is associated to
changes of phytoplankton diversity that are strotigliged to the prior trophic status of the
lagoons. Diversity, evenness and richness of phytpdaic groups were higher in
mesotrophic lagoons than in the most eutrophic omescosystems with high production,
diversity is generally reduced by competitive exauosiwhile it is maximized at
“intermediate” disturbance and production level (ldast1979; Duarte et al., 2006 and
references therein). The diversity changes refletbed modifications of the community
structure in response of the reduction of effluentient loads. While Ch, TN and TP
concentrations decreased strongly and quickly, thersity of main phytoplanktonic groups
responded to the nutrient reduction over a muchdopgriod. Throughout the monitoring,
the diversity patterns were marked by a strong vditiainh eutrophic and hypertrophic
lagoons whereas phytoplankton community structurechesh the highest diversity and
stability (since 2010) in mesotrophic lagoons. Eutropmd hypertrophic lagoons are still
subjected to environmental fluctuations (i.e. fluttugnutrient supply) or disturbance related
to freshwater inputs from multiple canalization (Skkethods) that can explain the
fluctuations of phytoplankton diversity. Moreover, hgh nutrient availability tends to
reduce phytoplankton diversity by favoring fast-gnogvspecies (Huston, 1979; Duarte et al.,
2006), algal coexistence should be facilitated and thingtoplankton diversity should
increase in time with the decreasing of nutrient labdity in lagoons as observed in

mesotrophic ones.
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Therefore, the responses of lagoon phytoplankton community to re-oligotrophication are not a
linear process that remains vulnerable to potentialemitioads associated to rain events or to
interannual climate variations. Indeed, as duringstimamer of 2011, the re-oligotrophication
trend could be temporarily reversed by climatic cbads. The chlorophyll biomass and the
proportion of chlorophytes increased in all lagoortss year presented a record of elevated
air temperature (1.5°C warmer than the 1900-2011aged. The spring was exceptionally
warm and allowed early phytoplankton growth while swuen presented particularly
important rainfall and storm events, bringing nutrgettt the lagoons (www.meteofrance.fr).
The year 2011 represented an exception compared &ybar lagoon monitoring period but
showed that the phytoplankton trajectories are feagihd can be reversed. In coastal
ecosystems, the re-oligotrophication may follow teduction of sewage nutrient inputs but
may be affected by anthropogemiisturbance or by natural phenomena including rainfall
events or record flood years (Saeck et al., 2013).

This study showed that changes of phytoplankton commyastructure and composition are a
first step in restoration of water column for thdd@asian lagoons. Even if external nutrient
loadings decreased, high internal nutrient loadshithaé accumulated in the sediments during
the eutrophication period may release nutrients invilaéer column, particularly during
summer, delaying the recovery of lagoons in the kemngn as observed for lakes (Jeppesen et
al., 2005; Sondergaard et al., 2007). The increagbeofight penetration, permitted by the
reduction of the phytoplankton biomass, initiatedergly a shift among the primary
producers, with the reappearance of the macroalgaearly in the most eutrophied
lagoons (work in progress). Benthic macroalgae caocoopete phytoplankton for nutrients,
especially if the major nutrient supply is internahdling form mineralization from sediments
(McGlathery et al., 2007). This primary producer reshuche flux of nutrients from the

sediment to the water column, which limits the sypgdlnutrients for phytoplankton growth.

28



6388

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

By competition for nutrient and light, macroalgae could directly influence the phytoplankton
diversity and community structure during the re-oligphication process. Inversely to the
shift from benthic to pelagic-dominated primary praghgcoccurring during eutrophication
(Bricker et al., 2008), Palavasian lagoons could e@e shift from a system pelagic-
dominated productivity based on phytoplankton to aenb@nthic-dominated system based on

macroalgae and seagrasses.
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Figures

MONTPELLIER

Mediterranean Sea

Figure 1: Location of the sampling stations, inte éight lagoons of the Palavasian complex,
next to the Montpellier city agglomeration. The déirle is represents the Rhéne-to-Séte

canal.

Table 1. Characteristics of the 10 stations of theo8stal lagoons from the Palavasian
complex. Trophic status, freshwater inputs and seawexchanges are specified, from
Souchu et al., 2010 and Bec et al., 2011.

Trophic Mean Main Connections . Label
Lagoon Area Volume Station of the
status depth  freshwater  to the sea .
Station
(kn?) (1P ) (m)
Méjean  Hypertrophic 5.5 4.1 0.75 Channel Indirect East Méjean ME
West Méjean MW
Grec Hypertrophic 2.7 0.7 0.30 Channel Indirect Grec GC
Arnel Hypertrophic 4.7 1.9 0.40 River Indirect Arnel AN
Prévost Eutrophic 3.8 2.9 0.75 Channel Direct East Prévost PE
West Prévost PW
Vic Eutrophic 115 13.8 1.2 Channel Indirect Vic VC
Pierre Eutrophic 3.7 15 0.4 Channel Indirect Pierre PB
blanche blanche
North . . .
Ingil Mesotrophic 3.2 2.2 0.6 Channel Indirect North Ingril IN
South . . .
Ingil Mesotrophic 3.6 1.9 0.6 Channel Direct South Ingril IS
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1003 Table 2. Median values and ranges (minimum and maximum values between brackets) of

1004  salinity, temperature, chlorophy| total nitrogen and total phosphorus concentrations, during
1005 summer periods, from 2000 to 2013.

Station Salinity TN P Chla PE-CYAN PEUK NANO
(LM) (LM) (mgChlaL  (ACPcellly) (AP cellL? (10° cell/LY)
MW  26.8(13.9-38.1) 196 (42.7-527) 12.4(2.8—30.83.1 (1.6—413) 0 (0-267) 1000 (0-9158) 6.9 (0-16303)

ME  30.0(19.9-36.5) 108 (37.6-296) 5.6(1.2-17.7) 42.2(0.7-274) 1.3(0-333) 280 (0.5-4567) 5.1 (0-4300)
GC 32.0(22.1-39.8) 149(36.1-432) 8.0(1.5-32.4) 73.2(0.9-361) 3.6(0-72.9) 257 (3.7-6526)  13.1 (0-455)
AN 357 (16.9-45.9) 86.3(345-298) 4.6(1.5-27.0) 47.6(1.0-393) 0.5(0-57) 49.4 (1.3-22000) 7.6 (0.8-1660)
PW 368 (27.1-44.0) 56.0(254—-137) 2.4(0.7-6.1) 12.7(0.7-54.0) 1.2(0-18.9) 10.4(0.2-1900) 5.8 (0.5-128)
PE  36.5(30.7-40.5) 53.0(154-188) 2.3(0.8-8.8) 152(0.8-104) 2.7(0-79.4)  32(0.4-725)  10.5(0.2-627)
VC 381(214-51.0) 652(38.2-166) 3.0(0.8-13.0) 9.9(1.2-50.8) 0(0-10.6) 154 (0.4-3200) 3.5 (0-63.4)
PB  37.3(23.3-48.1) 69.6(37.1-132) 3.8(14-82) 209(1.3-101) 0.2(0-32)  15.8(1-1975) 4.3 (0-157)
IN  38.8(31.9-44.1) 345(16.0-80.0) 12(04-4.9) 4.8(0.1-20.8) 1.7(0-43) 16.2(0.7-1081) 2.3 (0-18.6)
IS  38.9(33.8-445) 30.7(9.6-756) 09(05-1.9) 3.7(02-205)  5(0-237) 5 (0-237) 1.7 (0-24.8)
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Figure 2. Distributions of Chh concentration in hypertrophic (MW, A), eutrophic (VC, B)
and mesotrophic (IN, C) lagoons. Box-and-whiskerpfodom summer values from 2000 to
2005 (before diversion), and from 2006 to 2013 (atigersion). The whiskers represent the
5th and the 95th percentiles, the outer edges ofbthees represent the 25th and 75th
percentiles, and the horizontal line within the boxepresents the median. Significant

difference between means before and after is illiestray different letters (a and b).
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Figure 3. Distributions of picoeukaryote abundanaeshypertrophic (MW, A), eutrophic
(VC, B) and mesotrophic (IN, C) lagoons. Box-and-whrsplots from summer values from
2000 to 2005 (before diversion), and from 2006 to 2(df8r diversion). The whiskers
represent the 5th and the 95th percentiles, the edtprs of the boxes represent the 25th and
75th percentiles, and the horizontal line within boxes represents the median. Significant

difference between mean before and after is illustral different letters (a and b).
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1026  Figure 4. Summer chlorophy#l concentrations in hypertrophic (MW), eutrophic (VC) and
1027  mesotrophic (IN) lagoons from 2006 to 2013. Meanghoée summer values (June, July,
1028  August). Black, dark gray and light gray indicate MWG ¥ind IN lagoons, respectively.
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1029
1030 Table 3. Summer concentrations of pigment markersah phytoplanktonic groups in 2006

1031 in hypertrophic (MW), eutrophic (VC) and mesotrop(il) lagoons. Means of three summer
1032  values (June, July, August).

Pigments and associated taxonomic group MW VC IN
(ug.L?)

Fucoxanthin (diatoms) 22.28 0.11 0.62
Zeaxanthin (cyanobacteria — chlorophytes — prasinophy#%f9 0.04 0.06
Chlorophyllb (green algae) 1.73 0.18.1
Lutein (chlorophytes — prasinophytes) 3.06 0.0.06
Neoxanthin (chlorophytes — prasinophytes) 1.58 0.020.00
Prasinoxanthin (prasinophytes) 0.68 0.080.06
Alloxanthin (cryptophytes) 0.01 0.160.16
19'But-fucoxanthin (haptophytes) 0.04 0.000.00
19'Hex-fucoxanthin (haptophytes) 0.10 0.020.04
Peridinin (dinophytes) 0.05 3.870.16
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Figure 5. Proportions of accessory pigments in hypehnic (MW, A), eutrophic (VC, B) and
mesotrophic (IN, C) lagoons from 2006 to 2013. Sangsliwere performed in June, July,
August) and the data have been calculated from meamesr values for each year.
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1043 Figure 6. Values of Shannon diversity Index (A) anceiihess (B) of the phytoplankton
1044 communities in hypertrophic (MW in black), eutroplfi¢C in dark grey) and mesotrophic
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Figure 7. Between-class PCA by stations of the sunmuenitoring from 2006 to 2013 on the
10 stations in the Palavasian complex. Correlatioclecshows a projection of the pigment
concentration along the two first axes with diffargrercent of variance between-class.
Arrows represent pigments (A) Projection of pigmesrthposition of the ten stations for the 8
years monitoring along the two axes by years, (B)elsaborrespond to the center gravity of
all the values, and ellipse represent 95% confiddinué of the mean, (C) Position of each

center of gravity.
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Figure 8. Between-class PCA by years of the summertororg from 2006 to 2013 on the

10 stations in the Palavasian complex. Correlatiociecshows a projection of the pigment
concentration along the two first axes with diffargrercent of variance between-class.
Arrows represent pigments (A) Projection of pigmesrnposition of the ten stations for the 8
years monitoring along the two axes by years, (B) lsabarrespond to the barycenter of all
the values, and ellipse represent 95% confidencd Winthe mean, (C) Position of each

center of gravity.
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Supplementary Materials

Table S1. Statistics of mean comparison before atet #ie effluent diversion, of CHd
(LgChla.Lh), total nitrogen and total phosphorus concentrations (M), with hypothesis

concentration before > after (Wilcoxon test, R). Stanecise significance level (* p-value <

0.05, ** p-value < 0.005, *** p-value < 0.0005).

Lagoons TN TP Chh
MW 367***  359%* 366%**
ME 363*** 351w 353%*
GC 407***  405*** 418***
AN 324xxx  318rr* 344xxx
PW 271.5%*  274%%* 286***
PE 342.5%*x  324%x* 306***
VC 272* 295** 298**
PB 193%*  183*** 198**

IN 312* 350.5** 383*x*
IS 267.5* 304* 376%**
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